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ABSTRACT
A study was made o f the mechanisms by which Fe -  40% Cr a lloys are 
e m b rittle d . This knowledge was used to  develop processes by which the 
a lloys  could be rendered d u c tile  below ambient temperatures. The 
in te r s t i t ia l  leve ls  were reduced through m elting p ra c tice . The a lloys 
were ro lle d  from a temperature above the a-phase form ation range to  
below the re c ry s ta ll iz a t io n  temperature and w ith in  the o-phase 
formation range. This served the dual purpose o f re f in in g  the gra in  
s ize and allow ing o-phase to  form at the gra in  boundaries and on 
e x is tin g  p re c ip ita te s . The e ffe c tiv e  re s u lt  o f the form ation and 
d isso lu tio n  o f o-phase in  th is  bcc a llo y  was to  increase the mobile 
d is lo ca tio n  dens ity , decrease the temperature s e n s it iv i ty  o f the y ie ld  
stress and thereby reduce the D8TT to  below ambient temperatures.
Proper s ta b il iz a t io n ,  the add ition  o f aluminium as a deoxid izer and 
the add ition  o f n icke l which d is to r ts  the la t t ic e  and there fo re  
entraps the in te r s t i t ia ls  were a l l  found to be advantageous to  the 
toughness and d u c t i l i t y .
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1. INTRODUCTION AMD BACKGROUND
To date, f e r r i t i c  s ta in less  s tee ls have been used much less exten­
s iv e ly  in in d u s try , as compared w ith  a u s te n itic  grades o f s ta in less  
s te e l. The lim ite d  use stems from an inherent lim ite d  d u c t i l i t y  and/ 
or toughness at ambient temperatures and poor w e ld a b ility . However, 
they e x h ib it exce llen t corrosion and ox ida tion  resistance and are 
re la t iv e ly  much less expensive than the n icke l-con ta in ing  a u s te n itic  
s ta in less  s te e ls . They are also re s is ta n t to  stress corrosion crack­
ing , which is  an Inherent problem o f the a u s te n itic  grades. These 
desirab le  p roperties  o f the f e r r i t i c  s ta in  less s tee ls have resulted 
in  an increased in te re s t in  an extension o f th e ir  use.
The corrosion res istance o f s ta in less  s tee ls  is  a function  o f the 
chromium content, thus leading to  an In te re s t in  the higher chromium- 
conta in ing f e r r i t i c  grades. Although recent work has appeared to  
concentrate on a high chromium content range o f 25 to  30 per ce n t,*  
Tomashov and Chernova1 2 found tha t even la rg e r concentrations were 
b e n e fic ia l. In a study o f the corrosion resistance o f iron-chromium 
a llo y s , they found th a t the passivation p o te n tia l changed slow ly  in 
the favourable d ire c tio n  (negative) w ith  increases in the chromium 
content above 40 per cent. However, the c r i t i c a l  curren t dens ity  fo r  
passivation g re a tly  increased fo r  a llo ys  w ith  a chromium content 
g rea ter than 40 per cent. Hence, I t  was suggested tha t the Fe-40%Cr 
a llo y  had the optimum passive c h a ra c te r is tic s .
The cot ,‘osion resistance fo r  iron-chromium a lloys  conta in ing 0.15 to
0.2 per cent palladium as a func tion  o f chromium content was also 
studied by Tomashov and Chernova 1. I t  was found tha t the minimum 
time fo r  se lf-p a s s iv a tio n , and the minimum amount o f corrosion before 
passivation were again observed at a concentration around 40 per cent 
chromium.
The production and app lica tion  o f v iab le  high chromium f e r r i t i c  
s ta in less  s tee ls w i l l  c le a r ly  depend on understanding the mechanisms
*  A ll  values are reported as weight percentages unless otherwise
by which they are e m b ritt le d , and the development o f processes by 
which they may be rendered d u c tile  a t, or below, ambient tempera-
These a lloys may be em brittled  In several ways. These include the
formation o f various in te rm e ta llic  phases, such as sigma (o)-phase 
and the in te rm e ta llic  compound formed during the phenomenon known as 
'475 °  C em b rittle m e n t'. In a d d itio n , the in t e r s t i t ia l  content and 
the 's ta te ' o f those in te r s t i t ia ls  has been shown to  be o f vast 
importance to  the d u c t i l i t y  o f these a llo y s . The works o f Hochmann 3 
and o f Binder and Spendelow ** f i r s t  showed tha t f e r r i t i c  chromium 
stee ls could be rendered d u c tile  at ambient temperatures by reducing 
the carbon and n itrogen contents. They concluded tha t the reduction 
in toughness as the chromium content was increased above about 20 per 
cent, was not due to  the chromium i t s e l f ,  as had been prev iously 
believed, but was re la ted  to  other fa c to rs , e sp e c ia lly  the carbon and 
nitrogen contents o f the s te e l.
In the present in v e s tig a tio n , i t  was decided there fo re  to  ca rry  out a 
systematic study on the proposed optimum Fe -  40% Cr composition, 
w ith  p a r t ic u la r  emphasis on the e m b rit t lin g  mechanisms and subsequent 
d u c t il iz a t io n  o f these a llo ys .
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2. LITERATURE REVIEW
2.1 In troduction
The aim o f th is  l ite ra tu re  review is  to  summarize the re su lts  o f 
previous work concerning the fra c tu re  o f f e r r i t i c  s ta in less  s tee ls 
and body-centred cubic (bcc) metals, the e ffe c ts  o f e m b rit t lin g  
phases and in t e r s t i t ia l  so lu tes, and to  consider the rhenium 
d u c t il iz in g  e ffe c t in  these a llo ys .
By understanding the k in e tic s  o f form ation and d isso lu tio n  o f the 
in te rm e ta llic  phases, they may be avoided during manufacture, or 
e lim inated in  the f in a l product. The e ffe c ts  o f in t e r s t i t ia l
elements on the d u c t i l i t y  o f these a llo ys  w i l l  also be presented. 
This w i l l  include th e ir  e ffe c ts  in  so lu tio n , p re c ip ita te d  w ith  Iron 
and/or chromium, or combined in  a more 's ta b le ' form. The method by 
which these fac to rs  e m b ritt le  or d u c t il iz e  f e r r i t i c  s ta in less  s tee ls 
w i l l  be considered in terms o f re levan t theories o f fra c tu re .
The rhenium d u c t il iz in g  e ffe c t is  the observed phenomenon whereby the 
a dd ition  o f Iron (which is  believed to  be a "rhenium a n a k v i” " )  to  
chromium, re su lts  1n an improvement in  d u c t i l i t y  as compx '^i-d to  
unalloyed chromium. The composition which has been proposed as being 
optimum fo r  the iron-chromium system is  very close to  the composition 
o f the a lloys used in the present study.
I t  must be stressed th a t the m a jo rity  o f re su lts  w ith in  the l i t e r a ­
tu re  survey re la te  to  f e r r i t i c  s ta in less  s tee ls w ith 20 tt/ 30 per 
cent chromium, whereas the a llo y  studied was Fe -  40% Cr.
2.2 The Fracture o f F e r r i t ic  S ta in less S teels.
Metals o f group VIB in  the period ic  tab le  e x h ib it a p a r t ic u la r ly  low 
s o lu b i l i t y  fo r  in te r s t i t ia ls ,  and a greater tendency fo r  the 
in te r s t i t ia ls  to  segregate at grain boundaries and d is lo ca tio n s , and 
th is  la rge ly  governs th e ir  low-temperature d u c t i l i t y .  Body-centred 
cubic (bcc) metals have a higher Peierls-Nabarro stress and contain  
less mobile d is loca tions  tN n  face-centred cubic (fee) metals6. In
the form er, the y ie ld  stress is  very se ns itive  to  temperature and 
s tra in  ra te  changes. This fa c to r is  d ire c t ly  re la ted  to  the 
co n tr ib u tio n  to  the y ie ld  stress o f the tem perature-sensitive 
Peierls-Nabarro stress6 .
The Peierls-Nabarro or P e ie rls  fo rce  is  th a t force necessary to  move 
a d is lo ca tio n  through a la t t ic e .  The P e ie rls  force depends on 
(Figure 2 .1 ):
1. the w idth o f the d is lo c a tio n , W, which is  a measure o f the 
distance over which the la t t ic e  is  d is to rte d  due to  the 
d is lo c a tio n ; and
2. the distance between s im ila r  planes (a ).
"Narrow
Figure 2.1 C ha ra c te ris tic  width o f an edge d is lo ca tio n  which a ffec ts  
the Peierls-Nabarro s tre s s .7
The P e ie rls  force decreases as a increases, there fo re  s l ip  is 
preferred on c lose ly  packed planes.
'v /
W depends on the nature o f the atomic bonding fo rces. In 
close-packed s tructu res such as fee and hep, (hexagonal close-packed) 
the bonding fo rces, are spherical in d is tr ib u t io n  and act along the 
lin e  o f centres between atoms. In these s truc tu res , W is  large and 
the P e ie rls  stress is  sm all. However, when bonding forces are very 
d ire c tio n a l, as fo r  io n ic  and bcc c ry s ta ls , W is  small and the 
P e ie rls  stress is  large.
The P e ierls stress depends on the sh jrt-ra n g e  stress f ie ld  o f the 
d is lo c a tio n . Therefore, U  is  sens itive  to the thermal energy w ith in  
the la t t ic e ,  and thus to  the te s t temperature. In close-packed 
c rys ta ls  (fee and hep), the increase in  the P e ie rls  stress w ith  
decreasing temperature is  in s ig n if ic a n t,  since the P eierls stress 
i t s e l f  is  n e g lig ib le . As the temperature decreases, the thermal 
enhancement o f d is lo ca tio n  motion is lim ite d , there fo re  the P e ie rls  
s tress increases. In bee c ry s ta ls , th is  increase in  the P e ie rls  
s tress does represent an Increasing component o f y ie ld  s tress. Thus 
un like  fee metals, bcc metals go through a t ra n s it io n  from d u c tile  to 
b r i t t l e  fra c tu re  as the temperature is  decreased or the s tra in  ra te  
is  increased. The e ffe c t of the energy to  fra c tu re  has been re la ted  
in f e r r i t l c  steels to  a change in the microscopic fra c tu re  mechanism: 
transgranular cleavage a t low temperatures and void coalescence at 
high temperatures6 .
G ilb e rt e t a l8 studied the fra c tu re  o f unalloyed chromium. They 
found tha t grain boundary ruptures were fre q u e n tly  the o r ig in  of 
b r i t t l e  fra c tu re  In po ly c ry s ta ll in e  chromium and consequently s ing le  
c rys ta ls  were more d u c t ile .  They concluded tha t gra in  boundaries 
play an important ro le  in  crack in i t ia t io n  in  bcc metals. I t  was 
also suggested tha t the reason fo r  the b rit t le n e s s  o f chromium was 
low crack propagation res is tance , and th is  raty be re la ted  to  a lack 
o f s tre s s -re lie v in g  s l ip .  This hypothesis was supported by p o lla rd 9 
who found no microcracks in Fe-26%Cr unloaded ju s t before fra c tu re  
and concluded there fo re  tha t crack nucleation ra ther than crack 
propagation Is the important step in the b r i t t l e  fra c tu re  o f f e r r i t l c
H a ll10 and Petch11 have shown tha t the v a r ia tio n  o f the lower
5.
y ie ld  po int o f iron  w ith  grain size can be expressed by the equation:
o y  = o i +  ky ............ (2 . 1 )
where oy Is the flow  or y ie ld  s tress ; 
ky is  the Hall-Petch slope; 
o -j is  the la t t ic e  f r ic t io n  s tress; and 
d is  the gra in  size.
With the aid o f the Hall-Petch equation, C o t t re l l1,2 analysed the 
process by which a crack is  formed along the ju n c tio n  o f two 
In te rsec ting  s lip  planes and derived the well known C o ttre ll equation 
fo r  b r i t t l e  f ra c tu re . He stated th a t the d u c t i le - to - b r i t t le  
t ra n s it io n  temperature (OBTT) occurs when;
O j ky d l/2  > Birr   (2 .2)
where u is  the shear modulus;
Y is  the e ffe c tiv e  surface energy o f a crack; and
B Is a constant (= 1 ).
Increases in  k y , c y ,  o i ,  and d a l l  make the metal b r i t t l e .  
C o ttre l l12 suggested tha t there are two sources o f weakness which 
lower the surface energy y o f the m a te ria l: stress concentrations and 
chemical agents in gra in  boundaries or on crack faces. Notches 
re s u lt in a stress concentration at the roo t o f the notch and have 
been shown to  change the variab le  0 from B = 1 fo r  uniform , un iax ia l 
tension, to  B = 1/3 fo r  p la s t ic a l ly  constrained, notched samples. Of 
the variab les in the C o ttre ll equation, ky is  considered to  be the 
most Important since i t  determines the number o f d is loca tions  
released in to  a s l ip  band when a d is lo ca tio n  source is  unpinned.
This fa c to r (k y )  may depend upon a llo y  content, te s t temperature,
or heat treatment13.
Tetelman and McEvily11* have lis te d  three important stages associated 
w ith  the s lip  or tw in-nucleated cleavage fra c tu re  o f a 
p o ly c ry s ta llin e  aggregate. They are:
1 . the nucleation o f a crack by shear stresses t \ .
2. the i n i t ia l  growth o f the crack under te n s ile  stresses eg;
3. the trave rs ing  o f the f i r s t  strong b a rr ie r  tha t the crack 
encounters erg.
The cleavage fra c tu re  stress (o f)  o f a m ateria l w i l l  be tha t stress 
a t which the most d i f f i c u l t  o f these steps is  overcome. These steps 
are il lu s t ra te d  in  F igure 2 .2 . I t  was suggested tha t the d i f f ic u l t y
of each step depends on "c lean liness" which is  d ire c t ly  re la ted  to
the d is tr ib u t io n  o f second phase p a rt ic le s  in  the m a te ria l. D ir ty  
m ateria ls have been defined as those which contain inhomogeneous 
d is tr ib u tio n s  o f p a rt ic le s  and im purity  atoms (o ften  at the grain 
boundaries), and clean m ateria ls as those in  which the m ateria l is  
s ing le  phase on ly, or those in which the second phase is
homogeneously d is tr ib u te d . Thus, even high p u r ity  m ateria l may be 
regarded as d ir ty  using th is  d e f in it io n .
The mode o f deformation which operates w i l l  a ffe c t the fra c tu re  
mechanism. Figure 2.3 i l lu s t ra te s  tha t the y ie ld  stress fo r  s l ip  or 
tw inn ing varies w ith  temperature11* . The tw inn ing stress is  
re la t iv e ly  independent o f temperature, whereas tha t fo r  s l ip  varies 
g re a tly . I t  may be observed tha t at low temperatures the stress 
required fo r  tw inning is  less than th a t required fo r  s l ip ,  and
tw inning is  the pre fe rred  mode o f deformation, The opposite is  true  
at higher temperatures.
A large stress concentration w i l l  develop at the t ip  o f a s l ip  band 
or tw in i f  i t  is  blocked by a strong obstacle such as a grain or 
phase boundary. I f  th is  concentrated stress is  not relaxed by a 
p la s tic  deformation process, a crack w i l l  form. The work done in
crack nucleation, Ym, decreases:11*
L  when few sources e x is t around the in c ip ie n t crack (heavy
p inn ing);
2. when the s l ip  or twin band which concentrates the stress
forms ra p id ly , so th a t re laxa tion  does not have time to
occur; or
3. when the crack is  formed at a low temperature.
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Figure 2.2 a) Three stages associated w ith  the development o f an 
unstable cleavage fra c tu re  In a p o ly c ry s ta llin e  metal. In s ing le  
crys ta ls  only stages (1) and (2) are present.
b) Conditions under which non-propagating microcracks 
are not formed (1) and ara formed (2) in  a p o ly c ry s ta llin e  m e ta l.14
Figure 2.3 E ffect o f te s t temperature on the c r i t ic a l  resolved 
shear stress r y  fo r  s l ip  and tw inning in a typ ic a l BCC metal. 
Y ie ld ing  occurs by tw inning when T <Ttand by s lip  a t T >Tt 14
Hard phases at grain boundaries do not permit much re laxa tion  o f the 
concentrated stresses, and thus crack nucleation w i l l  occur more 
e a s ily . The size and shape o f a p a r t ic le  a ffec ts  the p ro b a b ility  fo r 
crack nuc lea tion . Shorter p a rt ic le s  may allow fo r  the a c tiva tio n  o f 
sources above and below them and thus accommodate deformation. In 
a d d itio n , i f  the p a r t ic le -m a tr ix  in te rfa ce  is able to  break, voids 
w i l l  form and coalesce to form a fib rous  crack. This w i l l  increase 
the s tra in  ra te  at the crack t ip ,  and cleavage cracks may be formed 
ahead o f the fib rous  crack, re s u lt in g  in a mixed fra c tu re .
P o lla rd9 stated tha t the e ffe c t o f carbon and nitrogen on f e r r i t i c  
s ta in less s tee ls depends on whether they are in  so lu tio n  or 
p re c ip ita te d . In so lu tio n  they reduce d is lo ca tio n  m o b ility  and hence 
ra ise  o^and reduce the fra c tu re  stress (o p ). P re c ip ita tin g  
carbon and nitrogen from so lu tio n  reduces ay, but the e ffe c t on 
apdepends on the p re c ip ita te  morphology. Grubb and W right15 found 
th a t the in tra g ra n u la r p la te - lik e  p re c ip ita te s  (which they concluded 
to  be CrzN) were p a r t ic u la r ly  e m b rit t lin g .
McMahon and Cohen16 hypothesised on the formation o f a cleavage 
microcrack in  f e r r i t e  in the fo llo w in g  manner. A crack s ta rts  in a 
b r i t t l e  p re c ip ita te  a fte r  some deformation o f the fe r r i t e  m atrix  and 
propagates across the p re c ip ita te  as a G r i f f i t h  crack. I f  the 
f e r r i t e  is  unable to  y ie ld ,  i t  w i l l  accept the crack as a G r i f f i t h  
flaw . A lte rn a tiv e ly , i f  the f e r r i t e  can y ie ld  lo c a lly  by s l ip  or 
tw inn ing, a microcrack w i l l  not form in the f e r r i t e .  Veistinen et 
a l17 found tha t the in i t ia t io n  o f cleavage is  impossible when the 
p re c ip ita te s  are loosened from the m atrix  as opposed to  them 
cracking.
P o lla rd9 has shown tha t an increase in chromium from 26 to  35% 
severely reduces weld d u c t i l i t y  due to  an increase in uyand a 
reduction in opas a re s u lt o f su b s titu tio n a l hardening. This is  a 
d ire c t re s u lt of the reduced 1r' i r s t i t i a l  s o lu b i l i t y  w ith  increasing 
chromium content. This d if fe rs  from the find ings  o f others who found 
no change,13 or a toughening e f fe c t4 w ith  increasing chromium 
content. The v a r ia tio n  in  re su lts  is  probably due to
X . /
experimental variab les such as gauge (specimen th ickness), gra in  
s ize , and in te r s t i t ia l  cr i t .
Several inves tiga tions  have been dedicated to  the re la tio n sh ip  
between tw inning and the b r i t t l e  fra c tu re  o f bcc metals. Grubb and 
W right15 found tha t tw inn ing o f Fe-26%Cr a llo ys  was genera lly 
favoured by reduced in t e r s t i t ia l  content and Increased s o lid  so lu tion  
a llo y in g . They concluded tha t tw inning is  usua lly  associated w ith  
s l ip  d i f f ic u l t ie s  and corresponding flow  stress increases. Reid18 
looked at the re la tio n s h ip  between tw inn ing and. b r i t t l e  fra c tu re  o f 
bcc metals and found cases where:
1. tw inning and b r i t t l e  fra c tu re  were independent responses;
2. a propagating crack may nucleate a tw in ; and
3. tw ins may nucleate cracks.
Thus, deformation o f bcc metals by tw inn ing need not be associated 
w ith reduced toughness.
I t  has been shown th a t the tra n s it io n  temperature o f f e r r i t i c  
s ta in less  s tee ls is  a fu n c tio n  o f gauge19 20. Wric,lit26 found th is  
phenomenon in  Fe-26XCr-li8Mo a llo y s . The lower tra n s it io n  
temperatures measured fo r  the lig h te r  gauges were a ttr ib u te d  to  a 
f in e r  gra in  s ize , as a re s u lt o f hot and co ld  work, and to  a greater 
ro le  o f plane stress (as opposed to  plane s tra in )  fra c tu re  
mechanics. N icho l19 found the same gauge-related OBTT e ffe c t in 
Fe-29%Cr-4%Mo-2XN1 s te e ls . His re s u lts  o f Fracture Appearance 
T rans ition  Temperature (FATT) versus sample thickness are shown in 
Figure 2.4.
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IF igure 2.4 E ffe c t o f sample thickness and coo ling  ra te  from an 
1121 0 C, 30 min-anneal, on the Fracture Appearance T rans ition  
Temperature (FATT)19
Ashby and Embury21 have developed a model fo r  the behaviour o f 
d is loca tions  adjacent to  a crack t ip ,  and the way In whfrh the D6TT 
depends on d is lo ca tio n  dens ity , and there fo re  on pr1i>r p la s tic  
working. Their model shows tha t i f  d is loca tions  are always w ith in  
the c ra c k -tip  f ie ld  so tha t they may move and m u lt ip ly , a high energy 
fra c tu re  w i l l  occur. Thus, there e x is ts  a c r i t ic a l  d is loca tion  
density {pc ) below which a crack w i l l  run w ithout capturing 
d is lo ca tio n s . As the d is lo ca tio n  dens ity  Increases, work hardening 
eventually makes the d is loca tions  harder to  move, and p la s t ic i t y  and 
b lu n tin g  are In h ib ite d . These re la tio n sh ip s  are shown in Figures 2.5 
and 2 .6 . This model Indicates tha t an optimum in d u c t i l i t y  and DSTT 
o f bcc metals w i l l  be reached when in  a m ateria l cond ition  
intermediate between fu l l y  re c ry s ta lliz e d  and fu l l y  worked.
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Figure 2.5
Figure 2.6
Schematic showing how the crack t ip  f ie ld  may be unable 
-to capture d is loca tions  and cause them to  m u lt ip ly  when 
the d is lo ca tio n  density is  low, but may do so when the 
d is lo ca tio n  density is  h ighe r.21
DISLOCATION DENSITY, p (m/in3)
To"
The v a r ia tio n  o f the d u c t i le - b r i t t le  tra n s it io n
temperature w ith  d is lo ca tio n  d e n s ity .21 ",
13.
2. 3  I n t e r s t i t i a l s  -  Content  and Form
In 1951, Hochmann3 and Binder and Spendelow4 f i r s t  showed th a t the 
lowering o f the impact strength o f f e r r i t i c  chromium steels as the 
chromium content is  ra ised above about 20% chromium is  not due to 
chromium alone, but is  associated mainly w ith  the carbon and nitrogen 
contents. They also concluded th a t o f i t s e l f ,  chromium has a strong 
toughening Influence on the fe r r i t e  m a trix , but the tolerance fo r  
carbon and nitrogen decreases as the chromium content is  increased.
To be tte r understand the e ffe c ts  o f carbon and nitrogen on f e r r i t i c  
a lloy ;., P o lla rd22 analysed the s o lu b i l i t y  o f carbon and nitrogen fo r  
an Fe-26%Cr stee l (Figure 2 .7 ). I t  was found th a t;
1. a l l  n itrogen was in so lu tion  above 927 °C ;
2. the p re c ip ita t io n  o f n itr id e s  occurred from 927 to  592 °C ;
3. the add ition  o f titan ium  lowered the so lub le  nitrogen level
at a l l  temperatures; and
4. carbon s o lu b i l i t y  was lower than nitrogen s o lu b i l i t y  below
1038 °C .
The s o lu b i l i t y  o f in t e r s t i t ia l  elements can be used to  explain the 
e ffe c ts  o f heat treatment on the toughness o f these a llo y s . For
example, Plumtree and Gullberg13 have shown tha t the d u c t ile - to -  
b r i t t l e  t ra n s it io n  temperature (OBTT) o f high chromium f e r r i t i c  
a lloys is  d ire c t ly  re la ted  to  the volume o f second phase p a r t ic le s , 
which increases w ith  an increase in in te r s t i t ia l  content. In addi­
tio n  Semchyshen e t a l23 found th a t n itrogen alone is  less harmful 
than carbon. This is  probably due to  the v a ria tio n  in s o lu b i l i ty  
l im its ,  and the formation o f d if fe re n t p re c ip ita te s . P o lla rd22 iden­
t i f ie d  the p re c ip ita te s  in  Fe-26%Cr s tee ls using X-ray d if f ra c t io n .  
With a high nitrogen and low carbon level the p re c ip ita te  formed was 
found to  be Cr2 (C,N), whereas w ith a low nitrogen and high carbon 
leve l the p re c ip ita te  formed was Cr23C6 .
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Figure 2.7 S o lu b il ity  o f carbon and nitrogen in  26% chromium steel 
versus temperature.22
2.4 S ta b iliz a tio n
A common approach to  reducing the de le te rious e ffe c ts  o f carbon and 
n itrogen is  to  p re c ip ita te  them in  a more stab le  form than tha t o f 
chromium ca rb o n itr id e s . Titanium and/or niobium are often used, and 
form T1(C,NJ or Nb(C,N).
Demo24 suggested three methods to  con tro l in te r s t i t ia ls  in  high
chromium f e r r i t i c  s tee ls :
1. Maintain the In te r s t i t ia ls  (ON) below c r i t ic a l  leve ls . I t  
was found tha t to  achieve as-welded d u c t i l i t y  at 2.5mm gauge, 
(C+N) lim its  were 200 p.p.m. fo r  Fe~26%Cr and 20 p.p.m. fo r  
Fe-35%Cr.
2. Use w e ld -d u c tiliz in g  add itives such as aluminium, copper, 
platinum , palladium , or s ilv e r .
3. Use g e tte ring  add itives such as tita n iu m  or niobium which 
form stab le  carbides and n itr id e s .
I t  was stated th a t combined additions o f titan ium  (or ..ioblura) and
aluminium give the best as-welded d u c tl] i t y .  In h is patent25. Demo 
suggested tha t the carbon and nitrogen contents of the a lloys are 
being 'n e u tra liz e d ' by these a llo y in g  add itions. Semchyshen e t a l23 
also concluded from  th e ir  work tha t titan ium  carbon ltrides and to  a 
lesser extent niobium ca rbon ltrides  are less harmful to  the toughness 
of f e r r i t i c  s ta in less  s tee ls than chromium ca rbon itrfdes . The 
reasons fo r  th is  were explained by P o lla rd22 who proposed tha t 
s ta b il iz a tio n  prevents grain-boundary p re c ip ita t io n  by the formation 
of titan ium  ca rb o n ltr id e  randomly in the molten s tee ), which serve 
as nucle i fo r  the form ation o f other p re c ip ita te s  w ith in  the gra ins.
Semchyshen e t a l23 found tha t titan ium  a lle v ia te d  the dele te rious 
e ffe c ts  o f Mgh-temperature exposure on d u c t i l i t y ,  which occurs In 
processes such as welding. Otherwise, the titan ium -m od ified  a lloys 
exh ib ited  08TT Values commensurate w ith  th e ir  (C+N) contents. In the 
same way, W right26 concluded th a t the e ffe c t o f s ta b il iz a t io n  on 
as-welded toughness was greater than the e ffe c t on the baseplate 
toughness.
Grubb e t a l27 stated tha t tita n iu m  promotes in te rg ra n u la r fra c tu re  
and e m brittles  very low in te rs t i t ia l-c o n ta in in g  {(C+N) < 100 p.p.m .) 
f e r r i t i c  a llo y s . I t  was suggested th a t the cause o f In te rg ranu la r 
fra c tu re  in  s ta b iliz e d  f e r r i t i c  a lloys is  the segregation o f oxygen 
to  the grain boundaries, which lowers y 2 8 . This Is probably a re s u lt 
o f the g e tte ring  o f carbon, as carbon in  so lu tion  has been shown to  
reduce the em brittlem ent produced by oxygen.
The amount of s ta b il iz in g  elements added to  f e r r i t i c  a lloys has been 
shown to  be c ru c ia l,  as 'o v e r -s ta b il iz in g ' also e m brittles  the a lloys 
is 23 24 26_ wood29 studied the e ffe c ts  o f residual elements on the 
mechanical properties  o f an Fe-18%Cr steel and found tha t residual 
titan ium  ( i .e .  above th a t required to s ta b il iz e  the (C+N) content) 
was the i« s t potent s o lid  so lu tion  strengthening element. P o lla rd 9 
suggested tha t a maximum weld d u c t i l i t y  was achieved in vacuum-melted 
f e r r i t i c  a lloys when tita n iu m , niobium, or zirconium were added at 
one to  two times the s to ich iom e tric  equivalent o f the (C+N) content. 
I t  was also shown tha t amounts greater than tha t suggested resulted 
in decreased d u c t i l i t y  due to  d ispersion strengthening.
In th e ir  patent, Sipos e t a l30 lis te d  several groups o f additives 
which have been found e ffe c tiv e  1n preventing postwelding b rit t le n e s s  
in f e r r i t i c  a llo ys  conta in ing 28 to  37% chromium. ( I t  should be 
noted tha t even in  th is  case i t  was suggested tha t carbon and n i t r o ­
gen leve ls  were maintained below 0.03 and 0.04 re spec tive ly , and 
a c tu a lly  recommended even lower leve ls of 0.01 and 0.015).
The additives are lis te d  in Table 2.1.
TABLE 2.1 E ffe c tiv e  postwelding b r it t le n e s s  preventers fo r  h igh- 
chromium f e r r i t i c  a llo ys30.
Group 1 - A l, 0.1 to  0,9%
Group 2 - Cu, 0.3 to  1.3%
Group 3 - A l, 0.1 to  0.5% together w ith Cu 0.4 to  1.3%
Group 4 - A l,  0.1 to  0.5% together w ith  
together w ith  V, 0.1  to  0.3%
Cu 0.3 to  0.7%
Group 5 - A l, 0.1 to  0.5% together w ith Ag 0.03 to  0.05%
Group 6 - A l, 0.1 to  0.5% together w ith V, 0.1 to  0.35%
Group 7 - F t, 0.2 to  1.0%
Group 8 - Pd, 0.2 to  1.0%
Group 9 - Ag, 0.1 to  1.0%
Redmond31 has shown tha t the s ta b il iz in g  element used in l8%Cr -  2%Mo 
s ta in less  steel s trong ly  a ffects  the weld m icrostructu re . In  the 
presence o f niobium (or niobium and aluminium) the weld m icrostruc­
tu re  consisted o f long columnar grains w ith  a very d is t in c t  cen tre -
V /
l in e . I f  t itan ium  was used, the fusion zone contained equiaxed 
gra ins. Consequently, the tita n iu m  s ta b iliz e d  weldment exh ib ited  
be tte r impact toughness than the n iob ium -stab ilized  weldment, while 
the baseplate impact toughness showed the opposite e ffe c t .  This Is 
probably due to  the m ic ros truc tu ra l e ffe c t. The n iob ium -stab ilized  
steel to which 0.58 aluminium had been added gave the lowest impact 
t ra n s it io n  temperatures in both the base metal and the weld metal.
2.5 High-Temperature Embrittlement
When high chromium f e r r i t i c  s ta in less  s tee ls conta in ing re la t iv e ly  
high in te r s t i t ia l  leve ls  are heated above approximately 1000 °C , they 
subsequently experience a severe loss in  toughness and d u c t i l i t y  at 
roan temperature. This phenomenon is  known as high-temperature 
em brittlem ent. Experimental work has shown th a t toughness o f the 
high chromium f e r r i t ic s  is  a fu n c tio n  o f:
1. in t e r s t i t ia l  content13 15 19 22 23 32- 3't ;
2. chromium content22 23;
3. heat treatment29- 35;
4. the morphology o f the p re c ip ita te s 15 19 22 23 32' 31\
Grubb and W right15 studied ?e~Z6%Cr a lloys w ith  two d if fe re n t com­
bined (C+N) leve ls . I t  was found tha t the p re c ip ita t io n  o f carbon 
and nitrogen in  the low in t e r s t i t ia l  a lloys (C+N = 67 p.p.m .) was 
d ire c t ly  re la ted  to  the b r it t le n e s s  o f the m a te ria l. Therefore, 
quenching from high temperatures to  suppress p re c ip ita t io n  resu lted
in  the lowest 06TT, while  furnace cooling from the same high tempera­
tu re s , which allowed p re c ip ita t io n  to  occur, em b rittle d  the 
materia?. Conversely, the same high temperature quench fo r  the high 
in te r s t i t ia l  a llo y  (C+N ■ 570 p.p.m .) produced em brittlem ent. This 
v a r ia tio n  in e ffe c t is  re la ted  to the s ta te o f the carbon and 
n itrogen13 15 19 22 23 32- 3\
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P olla rd22 found th a t the loss o f d u c t i l i t y  in low (ON) Fe-26%Cr 
a lloys coincided w ith  the appearance o f grain-boundary 
carbonftrtdes. In the same way, Wright26 stated th a t 'th e  e ffe c t of 
so lu te  (ON) in low (ON) f e r r l t i c  s ta in less  s tee ls seems to  be qu ite  
benign in comparison w ith  the e ffe c t o f carbide and n it r id e  
p re c ip ita te s '.
A ll conclusions p o in t to  the fa c t tha t high-temperature embrittlement 
o f high--chromium f e r r l t i c  s ta in less  s tee ls  is  due to  p re c ip ita t io n  of 
carbides and n itr id e s  as a re s u lt of the r e l ie f  o f supersaturation31 
when these a lloys are heated to  high temperatures31 3S. The low 
in te r s t i t ia l  a llo ys  w i l l  s u ffe r  from l i t t l e  or no supersaturation and 
thus quenching w i l l  suppress p re c ip ita t io n  and thereby toughen the 
m a te ria l, whereas slow cooling or low temperature anneals w i l l  a llow 
the e m b ritt lin g  ca rbon itrides  to  form.
Using transm ission e lec tron  microscopy. Demo32 found th a t high 
in te rs t i t ia l-c o n ta in in g  a lloys quenched from 1100 °C  had p re c ip itte s  
on nearly a l l  the d is lo ca tio n s . I t  was concluded th a t these a lloys 
were em brittled  in  a manner s im ila r  to  p re c ip ita t io n  hardening. When 
these same a llo ys  were reheated to  8500 C or slow cooled from 1100 0 C 
the a lloys became d u c tile  and I t  was observed tha t the d is loca tions  
were p re c ip ita te - fre e . I t  was proposed th a t w ith  more time 
ava ila b le , m ig ra tion  o f carbon and nitrogen had re su lte d , and 
p re c ip ita t io n  had occurred on the higher energy surfaces o f  the grain 
boundaries. S im ila r ly , Levanova e t a l33 have shown tha t the 
post-weld d u c t i l i t y  o f high-chromium f e r r l t i c  s tee ls is  dependent 
upon the heat input ( ie .  temperature and ra te  of cooling) which is  
analogous to  high-temperature em brittlem ent.
2.6 475 °C  Embrittlement
F e r r l t ic  s ta in less  s tee ls which contain more than approximately 10% 
chromium may become em brittled  a fte r long time exposures in the temp­
erature range 400 to  550 °  C. This em brittlem ent Is most severe at 
475 0 C and is there fo re  re fe rred  to  as 475 0 C (or 885 0 F) e m b rit t le ­
ment, The em brittled  a lloys  e x h ib it a severe loss 1n toughness and 
elongation and an increase in  both strength and hardness.
P rio r to  1951, many studies were ca rried  out and 475 °C em brittlem ent 
was believed to  be re la ted  to  o-phase form ation. Subsequently, 
however, W illiam s36 and W illiams and Paxton37 f i r s t  proposed the 
existence of a m is c ib i l i t y  gap in the iron-chromium e q u ilib r iu m  
diagram below the o-phase region in which a lloys separate in to  iro n - 
r ic h  and chromium-rich bcc phases. Their revised equ ilib rium  diagram 
is  shown In Figure 2.8.
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Figure 2.8  Phase diagram o f the iron-chromium system according to  
W illiam s36.
F isher, Oulls and C a rro ll38 reported  tha t the composition o f the 
chromium-rich phase ranges from 61 to  83% chromium. There e x is ts  a 
spinodal w ith in  the m is c ib i l i ty  gap and the mode o f p re c ip ita t io n  o f 
a ' is dependent on temperature and composition. N ico l, Datta and 
Aggen39 confirmed tha t the onset of 475 0 C embrittlement in  26 and 
29% chromium a lloys was accompanied by a c lu s te rin g  of chromium atoms 
along the (100) planes, in d ic a tiv e  o f spinodal decomposition. Con­
c u rre n tly , the deformation mode was found to  change from tu rbu len t 
s l ip  to  planar s lip  along {110) m atrix planes.
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OeN,y$ and Gielen40 found the decomposition o f an Fe-20%Cr a llo y  at 
470 0 C to  occur by nucleation and growth, while  binary iron-chromium 
a lloys conta in ing 30, 40 and 50% chromium decomposed sp inoda lly . 
Thus, i t  appears th a t splnodal decomposition Is favoured by high 
chromium contents and low aging temperatures39, while the nucleation 
and growth mode w i l l  occur outside the splnodal26.
The k in e tic s  o f formation o f o ' increase w ith  increased a llo y in g  and 
cold work, and decrease w ith  increasing p u r ity 26 35 39 Demo35 
has summarised the e ffe c ts  o f composition on 475 °C em brittlem ent o f 
iron-chromium a lloys (Table 2 .2 ).
TABLE 2.2 E ffec ts  o f composition on 47 5 0 C em brittlem ent in 
chromivm-iron a llo ys35
ELEMENT EFFECT ON 475 0 C EMBRITTLEMENT
Cr In te n s if ie s
C fio e f fe c t ;  in te n s if ie s
T i, Nb In te n s lf le s
Mn Lowers s l ig h t ly
Si In te n s if ie s
A1 In te n s ifie s
Ni Low amounts; in te n s ify
Large amounts; decrease
N Very s l ig h t ;  in te n s if ie s
P In te n s if ie s
Mo In te n s ifie s
Severe cold
work In te n s if ie s
Although the existence o f the cr-phase is  well established there is  
s t i l l  controversy  concerning i t s  ro le  in 475 0 0 em brittlem ent. Grob- 
uer41 reported t ' - ’ t  the 475 0 C em brittlem ent of 14 and 18% chromium 
f e r r i t i c  s ta in less  s tee ls was caused by p re c ip ita t io n  ofa* on d is lo ­
ca tions . Others have a ttr ib u te d  the em brittlement to  the form ation 
o f deformation tw in s .26 59 However, Yasunaka et al**2 stated tha t 
although tw inning con tribu ted  to  em brittlem ent through microcrack 
nucleation, the in t r in s ic  cause o f 475° C em brittlement is  the change
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of s l ip  mode, a re s tr ic t io n  o f cross s l ip ,  and the re s u ltin g  ease of 
cleavage crack form ation. Further, Grubb e t a l27 found no s u b - c r i t i ­
cal microcrack formation in  an em brittled  Fe-26%Cr a llo y , and thus 
in fe rred  tha t a ' p re c ip ita t io n  g re a tly  Increased the flow  stress,
The occurrence of 475 °C  embrittlement in  f e r r i t i c  s ta in less  s tee ls  
is dependent upon tim e, temperature, composition, and cooling ra te . 
The e ffec ts  o f em brittlem ent are reve rs ib le  by heating the em brittled  
a lloys above 550 °C  fo r  a s u f f ic ie n t  length o f time. Demo35 sugges­
ted that 475 °C and e-phase embrittlements are not re la ted  m e ta llu r- 
g ic a l ly ,  and s ig n if ic a n t ly  shorter exposure periods can produce 475 
°C  embrittlement as compared to  o-phase em brittlem ent. Thus high 
chromium a lloys should not be used fo r  extended service between 400 
and 550°C , and should be fa s t cooled through th is  temperature range 
to  avoid em brittlem ent.
2.7 Sigma-Phase Embrittlement
Reference to  the iron-chromlum phase diagram (F igure 2 .8) reveals an 
intermediate o-phase at approximately 50% chromium. Slgma-phase Is a 
hard, b r i t t l e  interm eta l l ie  compound w ith  the approximate composition 
FeCr. I t  has a te tragona l u n it c e l l ,  w ith  a c/a  ra t io  o f 0 .5 2 .1,3 
Bain and G r i f f i th s 1*4 suggested the existence o f a compound In the 
iron-chromium system at about 50% chromium, as ea rly  as 1927.
Demo35 reported th a t a has been found to  form In a lloys  w ith  as 
l i t t l e  as 20% and as much as 70% chromium when exposed to  tempera­
tures between 500 and 800 ®C. However, W right26 extended the upper 
l im i t  o f formation to  900° C. Redmond e t a l45 found tha t a p re c ip i­
ta tio n  In an Fe-l8%Cr a llo y  (conta in ing 0 to  5% Mo) displayed C-curve 
k in e tic s  w ith  the nose at 800 to 850 °C . Slgma-phase formation Is 
enhanced by cold work26 36 and a llo y in g  w ith elements such as 
molybdenum, n ic k e l, manganese, s il ic o n , niobium and tita n iu m  26 35 
‘t5 . These fa c to rs  w i l l  thus change the time and temperature 
dependence o f u-phase formation.
Once nucleated, a-phase grows very ra p id ly , w ith  i ts  growth causing 
an increased d is lo ca tio n  dens ity  at the a -*  in te r fa c e .1,5 The general 
tendency is  fo r  o to  form at the fe r r i t e  gra in  boundaries26 and 
thereby em b rittle  due to  an increase in the stress concentration, or 
a decrease in the e ffe c tiv e  surface energy o f a crack (y ) . Fracture 
of o-phase em b rittle d  f e r r i t i c  s ta in less  s tee ls  then occurs by 
In te rgranu la r f ra c tu re .19 S im ila r to  475 °C  em brittlem ent, the 
e ffe c ts  o f o-phase em brittlem ent are reve rs ib le  and may be dissolved 
by heating an em brittled  a llo y  above the a form ation temperature fo r  
an hour or more.35
2.8 The Rhenium O u c tiliz in g  E ffe c t
Iron has been found to  improve the low temperature d u c t i l i t y  of 
unalloyed chromium due to  a phenomenon known as the rhenium d u c t i l iz -  
ing e ffe c t.
This was discovered as e a rly  as 1955 when Beach and Hughes1*5 observed 
improved low-temperature d u c t i l i t y  in  W-25£Re and Mo-35XRe a llo y s , as 
compared w ith  unalloyed tungsten and molybdenum. I t  was la te r shown 
by Klopp et a f 2 th a t Cr-35%Re exh ib ited  s im ila r  Improvements in low- 
temperature d u c t i l i t y .  Thus, the 'rhenium d u c t il lz ln g  e f fe c t ' was 
found to  be common to  a l l  three Group VIB elements (C r, Mo, W).
Several a llo y  systems, inc lud ing  the chromium-iron system, have been 
found to be rhenium analogues. The add ition  o f rhenium and i t s  
analogues (such as iro n ) appears to  reduce the ease o f crack 
propagation compared w ith  unalloyed chromium. Although the 
phenomenon is  not w ell understood, ' i t  is  known th a t tw inning is  
enhanced, the s l ip  systems are m odified, and both the s tra in -ra te  and 
temperature s e n s it iv i ty  o f the y ie ld  stress are decreased'.1' 8
Stephens and Klopp 1,9 found tha t as the a llo y  composition approached 
the maximum s o lu b i l i t y  in chromium ( fo r  the chromium-cobalt, 
chromium-ruthenlum and chromium-rhenium systems) or the a composition 
( fo r  the chromium-iron system) a sharp decrease In d u c t i le - to - b r i t t le
tra n s it io n  temperature was observed (F igure 4 .1 ). The lowest OBTT 
found fo r  the chromium-iron system was at Cr-50 at % Fe (~ Cr-54 wt 
% Fe) in  addtion, Klopp50 has found tha t in the case o f 
chromium-cobalt and chromium-iron, the a lloys must be quenched from 
the s ing le  phase region 1n order to  e x h ib it  the tw inning and low 
temperature d u c t i l i t y .  In co n tra s t, the chromium-rhenium and 
chromium-ruthenium systems are not dependent upon cooling ra te .
Open symbols 
denote quenched 
Solid symbols
1
I
Solute tionceniratton, atom percent
Note: 2000 °  P = 1093 0 C
2200 °  F *  1204 °  C 
2300 °  F *  1260 °C 
2350 *  F = 1235 °  C 
2400 0 F *  1315 °C
F igure 2.9 E ffects  o f so lu te  content on d u c t i le - to - b r i t t le  bend 
tra n s it io n  temperature o f chromium a lloys annealed at 
Indicated temperatures. A fte r Stephens and Klopp49
Several common c h a ra c te ris tics  o f solutes promoting the rhenium 
d u c t il iz in g  e ffe c t have been Id e n tif ie d . These are50:
1. the d u c t il iz in g  solutes are om Groups V ila  and V il la  o f i.he 
period ic  tab le ;
2. the ducdM zfng  solutes form interm ediate <7-phases w ith chromium;
3. the d u c t il iz in g  solutes have re la t iv e ly  high s o lu b i l i t ie s  in 
chrcmfum; and
4. maximum cold d u c t i l i t y  occurs in  saturated or supersaturated 
single-phase, s o lid  so lu tio n  a lloys .
Stephens and Klopp1*9- have postulated the mechanism by which these 
c h a ra c te ris tic s  con tribu te  to  reducing the DBTT as fo llo w s :
1. a high s o lu b i l i t y  and a composition near the maximum s o lu b i l i ty  
fkvour a metastable s truc tu re  w ith  respect to  a p re c ip ita t io n , and
during quenching or s tra in in g  a t lower temperatures, the metas­
tab le  s truc tu re  produces loca lized  stresses and thus acts as a 
d is lo ca tio n  and tw in source w ith  a re s u lt in g  lowering o f the OBTT.
2.9 Summary
The fac to rs  which can a ffe c t the mechanical properties  o f f e r r i t i c  
s ta in less s te e l' have been presented in  the lite ra tu re  survey. The 
m a jo rity  o f re su lts  discussed re la te  to  20 t "  30% chromium stee ls . 
The e ffe c ts  o f the parameters w i l l  probably d i f fe r  fo r  the Fe-40%Cr 
stee l o f the present study. This w i l l  be examined. The e ffe c t o f an 
increase in  chromium on d u c t i l i t y  has not been conc lus ive ly  d iscov­
ered, due to  va ria tions  in  experimental parameters. F in a lly , the 
rhenium d u c t il iz in g  e ffe c t is  not a well understood phenomenon. The 
a llo y  o f the present study appears to  be approaching the composition 
fo r  the optimum d u c t i l i t y  re s u lt in g  from th is  phenomenon.
3. EXPERIMENTAL PROCEDURE
3.1 Melting Practice
A considerable amount o f experimentation was performed to  obtain 
vacuum inducdfort-meUed ingots w ith  the desired p u r ity .  In 
p a r t ic u la r , the aim was to  keep the in te r s t i t ia l  elements (C,N, and 
0) to  a minimum. A ll o f the a lloys were melted In a Leybold Heraeus 
vacuum induction m elting u n it at The Council fo r  Mineral Technology 
(MINTEK). A d e ta iled  account o f a l l  the d if fe re n t procedures ca rried  
out is  beyond the scope o f th is  d is s e rta tio n , there fo re  only a b r ie f  
summary w il l  be presented here. E le c tro ly t ic  iron  and chromium were 
used as base m a te ria ls , w ith  compositions as lis te d  in Table 3.1. 
The p u r ity  o f the s ta rt in g  m ateria ls was found to  be a major fa c to r 
in obta in ing h ig h -p u r ity  f in a l a llo ys .
TABLE 3.1
The compositions o f the e le c t ro ly t ic  iron  and chromium as reported by 
the manufacturers. (A ll maximum values) (wt.%).
ELEMENT IRON CHROMIUM
C 0.003 0.05
N 0.003 0.02
0 0.05 0.05
A1 0.003 0.015
Si 0.005 0.04
N, 0.007
Cu 0.001
P 0.003
S 0.003 0.01
Sn 0.006
Fa BALANCE 0.35
Cr 0.002 99.5
The m elting parameters which were considered were tim e, temperature 
and pressure. A ll Ingots had a nominal composition o f 60% Fe - 40% 
Cr. The m elting p rac tice  which y ie lded  good re su lts  and which was 
then adopted fo r  the production o f a l l  the experimental a llo y s , 
consisted o f the fo llow ing  steps. The e le c tro ly t ic  iron  and chromium 
were charged In to  a magnesia c ru c ib le . The temperature w ith in  the 
furnace was raised to  between 900 and 1000 °C  w ith  the lowest 
obtainable pressure. This pressure was normally in the region of 
4Pa. The metal was held at th is  temperature and pressure fu r  45 
minutes In order to  allow s o lid  s ta te  d iffu s io n  o f the gases from the 
raw m ateria ls , as w ell as outgassing o f the c ru c ib le . The furnace 
was then b a c k fille d  w ith  argon to  a pressure o f IkPa. At the same 
time the power was increased so tha t the metal became moiten. The 
temperature of the molten metal was kept be l-x  1700 °C , and was 
normally in the range o f 1610 CC to  15?0 WC. Temperature
measurements o f the metal were made through the furnac# viewing glass
using a W illiamson pyrometer. When the metal became molten i t  was 
immediately tapped in to  m ild  s tee l moulds. A tapping temperature of 
1610 °C  was found to  be optimum fo r  pouring and also to  prevent
adhesion o f the metal to the mould. The metal was cooled under a
pressure o f approximately 4Pa.
The melting and tapping of the metal were ca rried  out as q u ick ly  as 
possib le  1n order to  avoid contamination by gases. This exercise 
normally took less than 10 minutes.
3.2 Fabrication
P re lim inary experimental work was performed on 4 melts each o f 4 kg 
mass. For the purposes of th is  study, the compositional va ria tions  
o f these melts were taken to  be minimal. The actual ana ly tica l 
compositions are lis te d  in  Table 3.2.
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The com position of th e  p re lim in a ry  experim ental m e lts .
INGOT DESIGNATION
ELEMENT VF 44 VF 45 VF 46 VF 47
C 0.005 0.004 0.006 0.006
N 0.005 0.004 0.005 0.005
Cr 39.0 38.4 38.8 38.6
A? 0.019 0.019 0.017 0.018
0.01 0.01 0.01 0.01
SI 0.035 0.037 0.035 0.036
P 0.008 0.008 0,007 0.008
S 0.005 0.005 0.005 0.005
0 0.085 0.10 0.095 0.10
Fe BALANCE BALANCE BALANCE BALANCE
The ingots were ro lle d  front an in i t i a l  45mm down to  6mm th ickness, 
using a 50 ton, 2-high reversing r o l l in g  m i l l .  The Ingots were 
I n i t ia l l y  soaked a t 950 °C fo r  one hour, then ro lle d  u n t i l  the 
temperature dropped to  650 0 C. They were then placed back in the 
furnace at 950 0 C fo r  20 minutes, and the r o l l in g  sequence was 
repeated. A d ig ita l pyrometer was used to  determine the temperature 
during ro l l in g .  A soaking time o f 20 minutes at 950 °C between 
r o l l in g  sequences had prev ious ly  been determined to  be s u ff ic ie n t  to 
allow  the ingot to  re tu rn  to  950 °C . (This had been found using a 
thermocouple positioned in  the centra o f one experimental Ingo t.)
I f  the m ateria l sta rted  to  bend during ro l l in g ,  i t  was straightened 
using a 100 ton fo rg in g  press, then Immediately returned to  the 
furnace. When the f in a l th ickness o f 6mm was obtained, the m ateria l
3.3 Heat-Treatment and Specimen Preparation.
The ro lle d  p la te  was cut In to  two or three sections which were then 
heat-treated at temperatures between 700 and 1300 0 C fo r  one hour, 
and water quenched. The heat treatment temperatures and the ingot 
from which the sections were taken are lis te d  in  Table 3.3.
TABLE 3.3 Heat treatment temperatures
SAMPLE
NUMBER
1 HOUR AT TEMPERATURE 
PC)
INGOT DESIGNATION
1 700 VF 47
2 750 VF 45
3 800 VF 44
4 850 VF 47
5 900 VF 45
6 950 VF 46
7 1000 VF 44
8 1050 VF 47
9 1100 VF 46
10 1200 VF 45
11 1300 VF 44
Fran each heat-treated section , te n s ile  te s t specimens w ith  a 25mm 
gauge length and 'a cross-section o f 6.25 by 5m  were made, w ith  th e ir  
length p a ra lle l to  the r o l l in g  d ire c tio n , and h a lf-s iz e  Charpy 
V-notch impact specimens (5 x 10 x 55mm) were made w ith  th e ir  length 
transverse to  the r o l l in g  d ire c tio n .
A holder was constructed fo r the automatic po lish ing  equipment so 
th a t the 10 x 55®m side of 18 Charpy Impact specimens could be 
polished at one tim e. A fte r notching, these were polished to  a Ipm 
f in is h .  I t  was then possible to  observe the deformation mechanisms 
on the polished surfaces a fte r fra c tu re .
3 .4  M echanical T esting
D u c t i le - to -b r i t t le  t ra n s it io n  temperatures (OBTT) were measured using 
a 50kN ESH servohydraulic machine by slow-bend te s tin g  at a cross 
head rate o f 8.3 x 10"*mm s-1 , The sm ple geometry was id e n tic a l to 
tha t o f the Charpy V-notch impact specimens.
To achieve the desired te s t temperatures, baths conta in ing dry ice in 
iso -propyl alcohol were used fo r  tes ts  below 22 0 C, and water was 
used fo r  tests above 22 °C . Load-deflection curves were recorded at 
the various te s t temperatures. These curves were analysed according 
to the methods o f Edwards e t a l51. OBTT values were measured as:
1. the area under the curve to  maximum load as a func tion  o f 
temperature; and
2. the to ta l area under the curve as a function  o f temperature.
A "Simpsons ru le " computer programme was used to  analyse the areas- 
under a l l  the curves. These methods, and the fra c tu re  appearance 
tra n s it io n  temperature (FATT) gave s im ila r  OBTT values.
Charpy V-notch impact tes ts  were ca rried  out at ambient temperatures 
fo r  a l l  the heat treatm ents, using a T in ius Olsen impact machine.
Tensile  tes ts  were also carried  out fo r  a l l  heat treatments at 
ambient temperatures, using an instron  1175 te n s ile  te s tin g  machine 
and a cross-head ve lo c ity  o f 3.3 x 10-2mm s -1. Hardness measurements 
were made using a Vickers pyramid diamond indenter w ith a 30kg load.
3.5 M etallurgy
Samples from each heat treatment were mounted fo r  metallographic 
examination in both the lo ng itud ina l and transverse d ire c tio n s , i .e .  
p a ra lle l to  and perpendicular to  the ro l l in g  d ire c tio n . A few passes 
of the specimen on a lym diamond po lish ing  wheel were necessary to
remove a passive surface before e tch ing. These were then etched in 
glyceregia (which consists o f 30ml g lyce rine , 50ml concentrated
hydrochloric acid and 10m? concentrated n i t r ic  a c id ). The samples 
were dip etched fo r  approximately 50 seconds, rinsed in water and 
alcohol and h o t-a ir  d ried . Grain size determ inations were carried 
out a fte r  e tch ing. The p re c ip ita te  morphology and loca tion  were
observed both before and a fte r  etching.
The same m etallographic techniques were also used fo r  specimens in 
the as-cast cond ition  in order to  estimate v is u a lly  changes in  the 
q u an tity  of p re c ip ita te s  present subsequent to  the use o f d if fe re n t 
m elting techniques.
The mounted samples o f each heat treatment were repolished and etched 
in  order to  determine i f  a-phase was present. The specimens were 
etched fo r  f iv e  seconds in  b o ilin g  fe rr icya n id e  so lu tion  which 
consists of 30g K3Fe (CNlg, 30g KQH and 60 ml H20. This etchant
s ta ins f e r r i t e  ye llow , and o-phase blue. Sigma-phase was also
id e n tif ie d  using scanning e lectron  microscopy in  the backscattered 
mode, and energy d ispers ive  X-ray (EDX) ana lys is . As a f in a l 
v e r if ic a t io n , c-phase was extracted from the m atrix o f a sample which 
had been held a t 750 °C  fo r  several hours. Sigma-phase was. 
p o s it iv e ly  id e n tif ie d  by X-ray d if f ra c t io n  using the Debye-Scherrer 
method.
The volume percent o f p re c ip ita te s  was analysed fo r  samples from a ll
11 heat treatments using a TAS L e itz  image analyser. S ix ty  f ie ld s  of 
view were used fo r  each specimen.
A q u a lita t iv e  energy d ispersive spectroscopy (EDS) in ves tiga tion  was 
ca rried  out using a JEOL Super-probe to  determine the elements 
present in the p re c ip ita te s  o f samples hea t-treated at 700 and 
1050 °C . These specimens were selected to give an ove ra ll view o f 
p re c ip ita t io n , by considering a low and re la t iv e ly  high heat t re a t­
ment temperature. I t  was necessary to  carbon coat the samples p r io r  
to  analysis in order to  comply w ith  the standards used.
In order to examine the d is loca tions  and p re c ip ita te s . Samples 1, 8 
and 11, heat-treated fo r  one hour at 700, 1050 and 1300 °C respec­
t iv e ly ,  were prepared fo r  transmission e lectron microscopy. Rods o f 
3.1mm diameter were machined from broken Cbarpy specimens. Discs of 
approximately 1mm thickness were cut from these rods. These were 
mechanically polished to  approximately 80pm th ickness, then je t  
polished to  pe rfo ra tio n  using a S truers Tenupol at 70V and a low flow 
rate (se ttin g  < 1 ). The e le c tro ly te  used was 5ml pe rch lo ric  ac id , 
95ml g la c ia l ace tic  acid and 1ml o f chromic acid . The add ition  of 
1ml alcohol per l i t r e  o f so lu tio n  was necessary to  reduce the 
chromium to  Cr*3 .
3.6 Fractography
The polished surfaces o f both the slotv-bend and the Charpy V-notch 
Impact specimens were observed a fte r  f ra c tu re , using both o p tica l and 
scanning e lectron  microscopy, In order to  Id e n tify  the deformation 
and fra c tu re  mechanisms.
The fra c tu re  surfaces o f the te n s ile  specimens, the Charpy V-notch 
impact specimens and the slow-bend specimens were observed using an 
o p tica l microscope. Several o f the Charpy Impact and slow-bend 
specimens were examined fu rth e r using the SEM in  order to  obtain more 
de ta iled  in form ation on the fra c tu re  mechanisms.
3.7 Alloyed Fe-40%Cr
A fu rth e r 14 Ingots o f Fe-40%Cr were made using the procedure out­
lined  p reviously in Section 3 .1 . Of these, 13 Ingots were alloyed 
w ith  various elements in order to observe the d iffe re n t e ffe c ts  o f 
these additions on the mechanical p rope rties . The remaining ingot 
(A) was a base Fe-40XCr a llo y  which was used as a standard fo r  
comparison. The compositions o f these a lloys are lis te d  in Table
3.4. The niobium, ruthenium and n icke l were added in the cruc ib le  
w ith  the e le c tro ly t ic  iron and chromium. Aluminium and titan ium  
additions were made immediately p r io r  to  pouring the molten m eta l. 
The A1 and/or T1 were placed in pure Iron f o t 1 attached to  the end o f
T able  3 .4  Composition of a llo y ed  Fe-40%Cr
A llo y SI Mn
Other
Analysis Add ition
A 0.003 0.002 0.056 0.007 0.003 < 0.01 < 0.04 - -
0.010 0.003 0.100 0.007 0.003 0.03 < 0.04 0.20 Nb 0.2 Nb
C 0.003 Q.QC9 0.040 0.006 0.003 < 0.01 < 0.04 0.07 T1 0.2 T1
D 0.010 0.002 0.029 0.006 0.003 0.03 < 0.04 0.12 A1 0.2 Al
E 0.006 0.003 0.080 0.005 0.004 0.03 < 0.04 0.19 Ru 0.2 Ru
F 0.011 0.004 0.046 0.006 0.004 0.04 < 0.04
0.03 T1 
0.20 Ru
0.1 Ti 
0.2 Ru
G 0.017 0.002 0.076 0.005 0.004 0.04 < 0.04 2.0 Ni 2.0 Ni
H 0.006 0.002 0.043 0.006 0.002 < 0.04 < 0.04 0.02 T1 O.OSTi
I 0.010 0.002 0.041 0.006 0.002 < 0.04 < 0.04
0.19 Ru 
0.02 T1
0.2 Ru 
O.OSTi
0 0.007 0.002 0.050 0.006 0.002 < 0.04 < 0.04 0.1 Nb 0.1 Nb
K 0.008 0.002 0.008 0.006 0.002 < 0.04 < 0.04
0.02 A1 
0.09 Nb
0.2 Al 
0.1 Nb
L 0.006 0.002 0.044 0.007 0.002 < 0.04 < 0.04 0.98 N1 1.0 N1
M 0.008 0.002 0.012 0.005 0.002 < 0.04 < 0.04
0.02 Al 
2.00 Ni
0.2 Al 
2.0 Ni
N 0.007 0.002 0.044 0.004 0.002 < 0.04 < 0.04
0.17 Ru 
+
2.02 Ni
0.2 Ru 
2.0 Ni
33.
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a poker to allow rapid add ition . The elements were adaed in th e ir  
pure form as Ti bar, Mb ch ips, A1 w ire , fiu sponge and Ni b rique ttes .
The ingots were ro lle d  to  p la te  w ith  a f in a l IZrrm thickness using the 
same procedure as ou tlined  in Section 3.2 , w ith  the exception tha t 
the soaking temperature (and the i n i t ia l  r o l l in g  temperature} was 
1050 0 C, as opposed to  the previous temperature o f 950 °C . The 
m ateria l was water-quenched subsequent to  r o l l in g .  Twelve standard 
Charpy V-notch samples (10 x 10 x 55m) and 3 te n s ile  samples w ith  a 
50mm gauge length and a 12.5mm x 10mm cross-section were machined 
from each p la te . The Charpy specimens were cut w ith th e ir  length 
transverse to  the ro l l in g  d ire c tio n , and the te n s ile  specimens had 
th e ir  length in  the lo n g itu d in a l d ire c tio n . A ll te s t pieces were 
heat-treated fo r  one hour at 1050 0 C in an argon atmosphere, then 
water-quenched.
The Charpy V-notch impact DBTT was determined fo r  each a llo y . Test 
temperatures were maintained in the same way as ou tlined  In Section
3 .4 . Ambient temperature te n s ile  te s ts  were ca rried  out w ith  a cross 
head v e lo c ity  o f 3.3 x 10-*mm s-1 and Vickers hardness tes ts  were 
also performed.
Again, samples o f each a llo y  were mounted, polished and etched fo r 
a-phase id e n t if ic a t io n .
4. RESULTS
4.1 Metallography
When considering the m icrostructure o f these high chromium f e r r i t i c  
a llo y s , and i t s  e ffe c t on mechanical p rope rties , three in te ra c tin g  
fac to rs  must be considered. These are:
1. the gra in  s ize ;
2. p re c ip ita t io n  e ffe c ts , {such as carbides, n itr id e s  and 
oxides)-, and
3. the formation o f b r i t t l e  in te m e ta l l lc  phases.
For the heat treatments ca rried  out in  the present in ve s tig a tio n , 
a-phase was the on ly Interm etal He phase considered to  be o f 
consequence.
Etching o f the hea t-trea ted  samples Indicated th a t o-phase was 
present a fte r  one-hour anneals in  the temperature range 700 to  
900 0 G. The d-phase nucleated on grain boundaries and p re c ip ita te s  
is  shown In Figure 4.1 . Very l i t t l e  a-phase was found fo r  the heat 
treatment at 900 °  C.
These re su lts  are in  agreement w ith  the known C-curve k in e tic s  of 
a-phase form ation, w ith  a nose between 800 and 850 °C . Sigma-pftase 
was also found fo r  the sample quenched from 1300 °C . This is 
believed to  be due to the slower cooling ra te  i „  the c r i t ic a l  
temperature range as a re s u lt of the high annealing temperature. 
Sigma-phase has a short incubation period, and once nucleated forms 
qu ick ly  in th is  high chromium a llo y .
The measured ASTM grain sizes are lis te d  in Table 4.1. A range is 
given fo r  each heat treatment and the underlined value represents the 
grain size which is  most prominent fo r  each sample. The average 
grain diameter Is  also lis te d .
Figure 4.1 Sigma-phase nucleated on grain boundaries and 
p re c ip ita te s .
TABLE 4.1 ASTM grain sizes and average gra in  diameters fo r 
hea t-trea ted  samples.
HEAT TREATMENT 
TEMCERATURE PC)
ASTM
GRAIN SIZE
AVERAGE GRAIN 
DIAMETER (u»)
700 £ -  3 165
750 3 - 4 100
300 i  " 4 115
850 2 - 3 165
900 3 - 4 100
950 i  -  3 165
1000 2 -  3 165
1050 1 - 2 220
llOO 1 - 2 230
1200 I -2 230
1300 very mixed 
many grains >1
The satep'le quenched from 1300 °C  had a very mixed grain size and 
there fo re  an average value is  not meaningful. Some grains w ith  
diameters greater than 300 urn were observed in  the samples annealed 
at both .1200 0 C and at 1300 °C .
A microprobe was used to q u a lita t iv e ly  id e n tify  the p re c ip ita te s  
present in  the samples annealed fo r  one hour at 700 c C and at 
1050*C . These re s u lts  are lis te d  in  Table 4.2.
TABLE 4.2 Microprobe analysis o f a random se lection  of 
p re c ip ita te s  in  Fe-40%Cr heat-treated at 700 and 1050 °C.
HEAT
TREATMENTS
P 0
SHAPE MAJOR MINOR TRACE
US
MAJOR
IT ELEME 
MINOR
TS
TRACE
700° 1 o Cr 0 C
2 € > Cr 0 C
3 0 Cr 0 C
4 a Cr 0 C
5 1=3 Cr Fe 0 C
6 d Cr Fe 0
7 c = t Cr Fe 0 C
1050° 1 Long Cr Fe 0
2 C 3 Cr Fe 0 C
3 O Cr Fe 0
4 tt Cr Fe 0
5 Cr Fe 0
6 Cr Fe C
7 Cr Fe O C
I t  can be seen th a t most o f the p re c ip ita te s  analysed were oxides of 
chromium, although some also contained small amounts o f iro n . The 
carbon value fo r  some o f the p re c ip ita te s  was s l ig h t ly  higher than 
the value a ttr ib u te d  to  the applied carbon coating. However, th is  Is 
not conclusive evidence fo r  the presence o f carbon, p a r t ic u la r ly  
since only trace amounts were detected.
I t  should be noted tha t a v a r ie ty  of shapes and sizes were analysed 
in  an attempt to  cover the f u l l  spectrum o f p re c ip ita te s . I t  is  
l ik e ly  tha t a small percentage o f the p re c ip ita te s  present in  the 
experimental materia? were carbides and n it r id e s ,  however, there is 
approximately ten times more oxygen than carbon present in  th is  
a llo y , thus re s u ltin g  in  the predominance o f oxides.
Image analysis was ca rried  out fo r  samples frojs a l l  eleven heat 
treatments. The volume percent o f p re c ip ita te s  was ca lcu la ted fo r 
each sample (Figure 4 .2 ). I t  can be seen tha t fo r  heat treatment 
temperatures up to  1050 °C , the volume percent o f p re c ip ita te s  
remains f a i r ly  constant in  the 1% range. This value drops to 
approximately 0.6% fo r  heat treatments above 1050 °C .
The d is tr ib u tio n  o f p re c ip ita te  sizes fo r  the various heat treatments 
was also determined. The m a jo rity  o f p re c ip ita te s  had sizes ranging 
between 1.5 and 4.5 urn. The medium p re c ip ita te  size fo r  a l l  heat 
treatments was approximately 3um.
The Hall-Retch equation:
c y  = c i  + k y d '1 /2  ............ (2 .1 )
pred ic ts  the change in y ie ld  stress as a function  of grain s ize . 
This theory assumes th a t a } ,  the la t t ic e  f r ic t io n  s tress, and ky, 
which is  a measure o f the pinning o f d is lo ca tio n s , remain constant. 
However varying amounts o f in te r s t i t ia ls  and p re c ip ita te s  and other
AA
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Figure  4.2 Volume percent o f p re c ip ita te s  as a function  o f heat 
treatment temperature.
second phases, (as well as th e ir  size and shape,) w i l l  re s u lt in  a 
va ria tio n  in the values o f a^ and ky . In the present inves tiga - 
t io r ,  the y ie ld  strength as a func tion  o f heat treatment temperature 
(Figure 4.3) gave a great deal more inform ation than the tra d it io n a l 
Hall-Petch p lo t ,  due to  the three in te ra c tin g  e ffe c ts  o f grain s ize , 
p re c ip ita te s , and the presence o f o-phase. Figure 4.3 may be divided 
in to  three d is t in c t  sections. For heat treatments in  the range 700 
to  900 °C , the va ria tio n  in cy w ith  temperature is  very e r ra t ic ,  
Sigma-phase was present in  a l l  these samples and th is  appears to  be 
the dominant fa c to r.
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Figure 4 .3  Y ie id  strength as a fu nc tion  o f heat treatment 
temperature.
Retween 900 and 1100 0 C the va ria tio n  In <jy w ith  temperature 
appears constant w ith  a slope o f 0.8M Pa/°C. The change in uy fo r  
heat treatment temperatures between 1100 and 1300 °C increases to
0.33 MPa/t i C. The increase in y ie ld  stress fo r  th is  high temperature 
range (1100 to  1300 °C ) corresponds w ith  the drop In o p t ic a lly  
resolvable volume percent p re c ip ita te s  fo r  the same temperature range 
{Figure 4 .2 ). The Increase in  y ie ld  stress w ith  temperature above 
1100oC, is  probably a re s u lt o f p re c ip ita te  strengthening as w il?  be 
discussed la te r ,  (see Section 5 .5 ).
700 BOO 300 1000
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4.2  Mechanical T ests
The re su lts  o f the Charpy V-notch impact te s ts , the te n s ile  te s ts  and 
the hardness te s ts , a l l  ca rried  out at ambient temperatures, are 
lis te d  in Tables 4.3 , 4,4  and 4.5 re spec tive ly . The second value 
lis te d  fo r  several of the impact energies represents a value which 
deviated g rea tly  from the average. These low energies were often due 
to  the presence of a flaw  in  the m a te ria l. Figures 4.4 and 4.5 are 
p lo ts  o f the impact energies and o f the hardness values as a function  
of heat treatment temperature.
The d u c t i le - to - b r i t t le  t ra n s it io n  temperatures (OBTT) are lis te d  ii. 
Table 4.6. Tests were on ly conducted up to  32 0 C since i t  was found 
tha t samples w ith  DBTT‘ s above 32°C  contained u-phase.
TABLE 4.3 Ambient temperature Charpy impact energies. (h a lf size 
specimens).
SAMPLE
NO.
HEAT TREATMENT 
TEMPERATURE (°G )
IMPACT ENERGY
<o)
1 700 2.5
2 750 1.8
3 800 3.5
4 850 2.2
5 900 18.3, 4.1 *
6 950 50.3; 7.5 *
7 1000 61.1, 31.9 *
8 1050 63.0
9 1100 65.0, 10.8 *
10 1200 24.4
U 1300 11.7
TABLE 4.4 Ambient temperature te n s ile  te s t re su lts  (20 °C , cross­
head v e lo c ity : 3.3 x 10-2nm s-1 ).
SAMPLE
NO.
HEAT TREATMENT 
TEMP. ( ° C )
Y.S.
(MPa)
U.T.S.
(MPa)
% El % R o f A
1 700 391.2 507.4 30.5 64.5
2 750 366.2 505.2 37.8 69.3
3 800 342.2 501.4 36.2 67.0
4 850 400.3 513.7 33.0 64.2
5 900 354.3 505.0 37.3 63.9
6 950 358.9 502.4 37.2 68.4
7 1000 360.1 502.8 37.9 67.3
8 362.5 513,6 34.5 62.5
9 370.2 511.9 37.2 65.7
10 403.9 501.3 32.4 60.0
12 437.0 525.0 25.4 64.0
TABLE 4.5 Vickers hardness numbers.
SAMPLE
NO.
HEAT TREATMENT 
TEMPERATURE ( e C)
VICKERS HARDNESS 
NUMBER (HV»0)
700 170
750 163
800 168
850 172
900 165
950 171
1000 170
8 1050 167
1100 191
10 1200 185
11 1300 190
HEAT TREATMENT TEMPERATURE CC)
Figure 4.4 Impact energy versus heat treatment temperature.
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Figure 4.5 Hardness versus heat treatment temperature, 
TABLE 4.6 06TT values as determined from slow bend curves.
SAMPLE
NO.
HEAT TREATMENT 
TEMPERATURE ( ° C )
O0TT
( ° C )
1 700 > 32
2 750 > 32
3 800 > 32
4 650 > 32
5 900 30
6 950 30
7 1000 22
8 1050 -  35
9 1100 - 25
: j 1200 - 15
i i 1300 17
45.
The to ta l area under the load-de flection  curve was p lo tted  against 
the te s t temperature 1n order to  obtain slow-bend DBTT curves (Figure
4,6 (a) to  ( f ) ) .  Due to  the sca tte r in the re s u lts , in several cases 
the fra c tu re  appearance was used to  assist in drawing the curve. (In  
these cases, the percentages o f d u c tile  fra c tu re  have been included
on the f ig u re s ). The inconsistencies in  both the slow-bend te s t
re su lts  and the fra c tu re  appearance are evident fo r  Sample 9. 
{Figure 4 .6d). As noted w ith  the impact energies, large deviations 
from average values were normally due to  the presence o f a flaw  in 
the m a te ria l. Although a slow-bend DBTT curve has been drawn from 
the inform ation ava ila b le , the accuracy Is questionable.
The s ix  DBTT curves are fo r  the heat-treatments above 900 °C : 950, 
1000, 1050, 1100, 1200 and 1300 *  G. The samples hea t-treated up to  
900 °C  fo r  one hour had tra n s it io n  temperatures above ambient
temperatures, and DBTT curves were not obtained fo r  these a-pha.^
em brittled  samples.
F igure 4.7 i l lu s tra te s  several methods ava ilab le  fo r  c a lcu la tin g  the 
d u c tile -- to -b r it t1 e  t ra n s it io n  temperature from slow bend te s t data. 
The curves are fo r  the samples hea t-treated a t 1050 °C , DBTT 
analysfs is shown fo r :
1. the to ta l area under the load-defSection curve versus te s t 
temperature;
2. the area under the curve to  maximum load as a function  of 
temperature;
3. the extent of the rapid load drop (corresponding to the onset o f 
b r i t t l e  fra c tu re ) as a function  o f te s t temperature; and
4. the fra c tu re  appearance tra n s it io n  temperature (FATT). C u rv  
number 3 is  p lo tte d  as the percentage of d u c tile  fra c tu re .
TMs is ca lcu lated using the equation 
Max - drop
% d u c tile  fra c tu re  . . . .  (4 .1)
where Max = the height o f the slow bend curve measured at the maximum 
p o in t; and
drop = the length o f the rap id  load drop measured on the 
slow-bend curve.
I t  can be seen tha t a l l  the curves gave a DBTT o f approximately 
-35 °C .
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Figure 4.7 DBTT Analysis: Sample 8 (1050 °C ).
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4 .3  Deformation and F ra c tu re  Mechanisms:
4.3 .1  Slow-bend and Charpy V-notch specimens.
Observation o f  both polished and fra c tu re  surfaces yie lded
inform ation regarding the deformation anc1 fra c tu re  mechanisms in
operation during Charpy impact tes ts  and slow-bend tes ts  fo r  the
various heat treatments studied. Table 4.7 summarises the
M form atio i. and fra c tu re  mechanisms as a function  o f te s t type, te s t 
temperature and p r io r  haat treatment. Several general observations
may be made.
The o-phase em brittled  samples ( I .e .  700 to  '850 °G heat treatment) 
exh ib ited  very l i t t l e  stress r e l ie f  and a low -energy b r i t t l e  fra c tu re  
fo r  a l l  te s t temperatures.
F igure 4.8 shows the fra c tu re  surface o f a 'sample hea t-treated at 
700 o c and tested in  slow-bend at ambient temperatures. The fra c tu re  
occurred p r im a rily  by cleavage, although gra in  boundary separation  
can also be seen and there are small areas o f void coalescence.
For samples w ith  l i t t l e  or no o-phase present, ( i . e .  samples 
heat-treated from 900 to  1 1 0 0 °C) a general trend was observed. For 
samples tested In slow-bend above the DBTT, there was a high tisns;ty  
o f s tre s s -re lie v in g  s l ip ,  extending in to  the sample. The frac tu res  
occurred by a combination o f i-oiti coalescence and transgranular 
cleavage. The fra c tio n  o f each fra c tu re  mode was a func tion  of the 
te s t temperature and the re la ted  DBTT. There was a sharp t ra n s it io n  
from d u c t1 le -to -b r1 ttle  fra c tu re  (Figure 4 .9 ), although samples 
tested near the DBTT exh ib ited  a "mixed" fra c tu re . Voids formed 
along some grain boundaries w ith in  the b r i t t l e  regions. (Figure 
4.10).
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TABLE 4.7 Observed deformation and fra c tu re  mechanisms o f slow-bend 
and Charp,y impact specimens fo llow ing  d if fe re n t heat 
treatments.
HEAT TREATMENT 
TEMP. ( ° C )
TEST TEMP. 
AND METHOD
DEFORMATION
MECHANISMS
FRACTURE
APPEARANCE
700 to  8500 C 32 6 C and below 
slow-bend
A low density of 
s l ip  bands adjacent 
to  the fra c tu re  sur­
face. No la te ra l 
expansion.
100% b r i t t le  
cleavage and 
gra in  bound­
ary separa-
small number 
o f voids.
22 °C  Charpy 
Impact
A low density o f 
s l ip  bands and twins 
adjacent to  the f r a ­
ctu re  surface. No 
la te ra l expansion.
As above
900 to  950° C 32 0 C slow-bend S lip  bands extending 
~5mm in to  sample
~60% d u c tile
0 °  C slow-bend A small amount of 
la te ra l expansion. A 
high dens ity  o f s lip  
bands extending In to  
sample.
100% b r i t t le
22 °C  Charpy 
impact
S lip  and twins co rr­
esponding to  % 
b r i t t l e  fra c tu re .
S lip  and tw ins ex­
tending in to  sample
A few twins
7556 b r i t t le  
100% b r i t t le
1000 0 C 32 0 C slow-bend A high density of 
s l ip
100% d u c tile
22 0 C slow-bend A high density of 
s l ip  re la ted  to 
d u c tile  fra c tu re . 
Grains w ith  very 
l i t t l e  s l ip  re la ted 
to  b r i t t l e  frac tu re
50% d u c tile
10 to  0 °  c
slow-bend
A high density of 
s lip
90% b r i t t le
22 0 C Charpy 
impact
Predominantly twins 90 to  100% 
b r i t t l e
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TABLE 4 .7  (con tinued )
HEAT TREATMENT 
TEMP. ( ° C )
TEST TEMP. 
AND METHOD
DEFORMATION
MECHANISMS
FRACTURE
APPEARANCE
800° C 1 hr 
plus 10000 C 
2 hr
22 °C  Charpy 
Impact
S lip  and twins 100% d u c tile
1050 and 
1100° C
22 to  -30 °C  
slow-bend
A high density of 
s l ip  bands extending 
in to  the sample
100 to  10% 
d u c tile
1050° C -40 to  -45 0 C 
slow-bend
A few twins and s lip  
bands near the 
fra c tu re  surface
90 to  100% 
b r i t t l e
1050 and 
1100° C
22° C Charpy 
impact
Predominantly twins 
but some s l ip  bands
200% d u c tile
1200 °  C 32 to  -15 0 C 
slow-bend
S lip  and twins Very incon-
fra c tu re  
appearance 
w ith  temp­
erature
22° C Charpy 
impact
Predominantly twins 
but seme s lip
20 to  100%
b r i t t le
Inconsisten t
fra c tu re
appearance
1300 0 C 22 to  0 * 0  
slow-bend
Predominantly twins 
but some s lip
Inconsistent 
fra c tu re  
appearance 
Large clea­
vage facets 
w ith  areas 
o f d u c t i l i t y  
w ith in
22 0 C Charpy 
Impact
Predominantly twins As fo r  the 
slow-bend 
samples
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Figure 4.8 Fracture surface of a slow-bend specimen from Sample 1 
(heat-treated at /0 0 °C ) tested a t ambient temperatures.
Figure 4.9 Fracture surface o f a slow-bend specimen (Sample 8} 
showing sharp t ra n s it io n  from d u c tile  to  b r i t t l e  
fra c tu re .
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Figure 4.10 fra c tu re  surface o f Sample 8 tested in slow-bend near 
the 08TT (-4 0 °  C) showing a "mixed" fra c tu re .
Figure 4.11 Deformation surface of slow-bend Sample 8 tested at 
-4 5 °  C, immediately adjacent to the fra c tu re  surface.
Figure 4.12 Deformation surface o f slow-bend Sample 8 tested at 
-45 °C , several grains from the fra c tu re  ' surface, 
(ad,. 'C .nt to  the area o f Figure 4.11).
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As the te s t temperature decreased towards the DBTT fo r  the slow-bend 
samples, the density o f s l ip  bands, and the distance they extended 
in to  the sample, decreased, and tw inning was also observed. Below 
the tra n s it io n  temperature, deformation was very loca lized . Figures 
4.11 and 4.12 are S£M photomicrographs o f the deformation surface of 
the sample heat-treated at 1050°C and tested at  -4 5 °C . Immediately 
adjacent to  the fra c tu re  surface (Figure 4.11) s tre ss -re lie v in g  s lip  
may be seen. W ithin a distance o f on ly several grains o f the 
fra c tu re  surface, however, there was no evidence o f s tre s s -re lie f  
(Figure 4.12) and m icrocracking could be seen associated w ith  
p re c ip ita te s .
Samples fractu red  in  a Charpy impact te s t ,  exh ib ited a predominance 
o f tw inning, the density o f which re la ted d ire c t ly  to  the percentage 
o f b r i t t l e  fra c tu re  ( i . e .  less tw inning fo r  a more b r i t t le  
fra c tu re ). A small amount o f s tre s s -re lie v in g  s l ip  was also observed 
fo r  samples e xh ib itin g  some d u c t i l i t y .
Regardless o f the fra c tu re  mode or te s t temperature, a separation of 
the p re c ip ita te -m a trix  in .e rface  occurred w ith in  the region of 
deformation (see Figure 4 .11), and cracking o f p re c ip ita te s  was not 
observed.
The samples heat-treated at 1200 and 1300 °C had fra c tu re  surfaces 
which were very inconsistent w ith  the te s t temperature. This was a 
re s u lt of the mixed grain s ize . Very large transgranular cleavage 
facets were observed, but there were areas o f d u c t i l i t y  between the 
face ts . There was no sharp tra n s it io n  from d u c tile  to  b r i t t le  
fra c tu re . The predominant mode of deformation was tw inn ing, although 
some s tre ss -re lie v in g  s lip  was also observed.
4.3.2 Tensile Test Samples.
For the heat treatments up to  and includ ing 1100 °C the te n s ile  te s t 
samples exhib ited a d u c tile  fra c tu re  surface. Although these 
specimens were not polished, a large amount o f deformation was seen
along the length of the samples. Each grain w ith in  the deformation 
zone was d is tingu ishab le  in a manner s im ila r  to  tha t observed fo r  the 
d u c tile  slow-bend samples which exhib ited a high density o f s lip
The te n s ile  te s t samples from m ateria l hea t-treated a t 1200 and 
1300 0 C exhib ited a predominantly d u c tile  fra c tu re , w ith  one or two 
large cleavage facets each. The degree of deformation was less fo r  
these samples than fo r  the lower temperature heat-treatments.
4.4 Alloyed Fe-40%Cr
OBTT's o f the modified Fe.-4Q%Cr compositions were determined from 
Charpy impact tes ts  over a range o f temperatures. The re su lts  are 
lis te d  in Table 4.8.
The upper she lf energies J. o f  the a lloys  are lis te d  as >
3600, as th is  was the l im i t  of the impact te s ts r . The re su lts  o f the 
room temperature te n s ile  te s ts , and Vickers harness te s ts  are lis te d  
in  Table 4.9.
No a-phase was found in  any o f the a lloys subsequent to  heat 
treatment.
Table 4. DBTT and upper she lf energies fo r  a lloyed Fe-40%Cr 
determined from Charpy Impact tests
Ingot A lloy
Analysis
(Wt.X)
A??oy
Addition
(Wt.X)
D8TT
(°C )
Upper Shelf 
Energy
(J)
A - base a llo y 50 140
8 0.2C . ) 0.2 Nb ~ 90 -
C 0.07 Ti 0.2 Ti > 90 -
D 0.12 A1 0.2 A1 -  10 > 360
E 0.19 Ru 0.2 Ru 40 125
0.03 Tf 0.1 Ti
F 0 170
0.20 Ru 0.2 Ru
G 2.0 Ni 2.0 Ni -  25 150
H < 0.02 Ti 0.05 Ti -  15 330
0.19 Ru 0.2 Ru
I -  15 330
< 0.02 Ti 0.05 Ti
J 0.1 Nb 0.1 Nb 10 200
< 0.02 A1 0.2 A1
K 0 > 360
0.09 Nb 0.1 Nb
L 0.98 Ni 1,0 Ni -  5 185
< 0.02 /U 0.2 A)
M - 18 360
2.00 Ni 2.0 Ni
0.17 Ru 0.2 Ru
N - 10 180
2.02 Ni 2.0 Ni
Table 4.9 Results o f hardness tests  and ambient temperature 
te n s ile  te s ts  fo r alloyed Fe-40/6Cr
Heat A lloy
Addition
(wt.%)
Hardness
(HV30)
% El % R o f A Yield
(MPa)
UTS
(MPa)
A - 172 30.0 47.2 350.1 502.0
0.20 Nb 180 17.9 17.6 393.6 528.8
0.20 Ti 177 10.7 8.1 365.0 490.0
D 0.20 A1 174 32.2 57.6 345.2 494.4
0.20 Ru 175 25.3 44.5 360.0 497.0
F
0.10 Ti 
1.20 Ru
185 27.5 58.8 412,5 502.6
G 2.0 Ti 200 25.2 41.4 461.6 564.6.
H 0.05 Ti 172 25.4 62.3 418.0 504.9
I
0.2 Ru 
0.05 TI
179 22.6 54.9 399.4 499.6
J 0.1 Nb 178 24.6 58.3 411.0 502.9
X
0.2 A1 
0.1 Nb
179 25.0 6 86 402.5 512.0
1.0 N1 182 19.9 56.9 448.7 531.1
M
0.2 A1 
2.0 N1
194 20.8 65.2 484.0 570.6
0.2 Ru 
2.0 Ni
192 22.5 58.4 494.2 566.1
5. DISCUSSION
5.1 In troduction
Hochmann3 and Binder and Spendelow4 f i r s t  showed th a t f e r r i t l c  
chromium steels could be rendered d u c tile  at ambient temperatures by 
reducing the carbon and nitrogen contents. A large number o f experi­
ments have been carried  out at MINTEK and the U n ive rs ity  o f the 
Witwatersrand to  determine a su itab le  melting procedure to  obtain 
s u f f ic ie n t ly  high p u r ity  in  Fe-40XCr a llo ys . This has resu lted  i‘n 
the routine obtalnnunt o f average carbon and nitrogen values o f 0.006 
and 0.005% respec tive ly , ((C+N) = 110 p .p .m .), and average oxygen 
contents o f 0.09%. These values remained constant throughout experi­
mentation, p r io r  to  the addition o f a llo y in g  elements.
Thermomeehanlcal processing was used to re fin e  the gra in  s ize and to 
increase the mobile d is lo ca tio n  density. The processed m ateria l was 
then subjected to one hour heat treatments at temperatures ranging 
from 700 to  1300 0 C followed by a water-quench. The heat-treated 
m ateria l may be separated in to  three types:
1. a-phase em brittled  m a te ria l;
2. "tough" m a te ria l; and
3. high temperature em brittled  m a te ria l.
A lloy ing  elements were added to  the base Fe-40SSCr m ateria l in  order 
to  s ta b il iz e ,  deoxidize or "d u c tll iz e "  the m a te ria l. The additions 
were nwde as an attempt to counter the de le te rious e ffe c ts  of the 
In te r s t i t ia l  elements,
5.2 R o lling  Parameters.
Prelim inary experimentation was carried  out in order to  determine the 
optimum ro l l in g  parameters. fo r  th is  hlgh-chromium f e r r i t l c  a llo y . 
The parameters investigated included soaking temperature ( i .e .
r o l l in g  s ta rt temperature), in i t ia l  soaking tim e, soaking time 
between each ro l l in g  sequence, and f in a l r o l l in g  temperature.
According to  the model o f Ashby and Embury21, toughness increases as 
the grain size decreases and the number o f mobile d is loca tions 
increases. Both o f these requirements were achieved by ensuring tha t 
the f in a l r o l l in g  temperature remained w ith in  the warm working 
regime.
When considering r o l l in g  and heat-treatment parameters, several 
facto rs  had to  be considered. The 400 to  550 0 C temperature range 
had to  be avoided in  order to  prevent 475 e C em brittlem ent. The 
a-phase region also had to  be avoided fo r  long soaking times. 
F in a lly  the soaking temperature had to be low enough to  avoid rapid 
gra in  growth, ye t high enough to  dissolve any a-phase tha t may have 
formed during fo tT ing .
Figure 5.1 shows an SEM photomicrograph o f an Ingot a fte r r o l l in g  
between 750 and 600 °C . The a-phase which formed was not dissolved 
In th is  temperature range. The presence of a large amount o f th is  
b r i t t l e  phase resu lted  In large cracks, which caused the ingot to 
fra c tu re  in to  two pieces during ro l l in g .
A soaking temperature and a r o l l in g .s ta r t  temperature of 950 °C was 
chosen, as th is  was believed to  be above the cr-phase formation 
temperature fo r  th is  a llo y , ye t was low enough to avoid rapid grain 
growth. A minimum f in is h  ro l l in g  temperature o f 650 °C was used 1n 
order to  prevent 475 °C  em brittlem ent. This temperature was also 
found to  be below the re c ry s ta il lz a tio n  temperature fo r  th is  a llo y , 
thus producing m ateria l in  the warm worked cond ition . Using a 
thermocouple placed w ith in  a hole d r i l le d  In an ingo t, I t  was 
determined that an I n i t ia l  one hour soak and 20 minutes between each 
ro l l in g  sequence was s u ff ic ie n t  to obtain a homogeneous temperature 
of 950° C.
Due to the high chromium content of th is  a llo y , and the warm work 
introduced In to  the m a te ria l, the k in e tic s  o f o-phase formation
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Figure 5.1 SEM photomicrograph showing cracking o f o-phase during 
r o l l in g  from 750 to  600°C .
were increased. Thus, there was the p o s s ib il ity  tha t o-phase could 
form during ro l l in g ,  since the f in a l r o l l in g  temperature was w ith in  
the temperature range fo r  o-phase form ation. Howeve-, i f  o-phase did 
form, the amount would be expected to  be small. Thus, the soaking 
times and temperature were selected to  ensure the d isso lu tio n  o f the 
o-phase.
Experiments were also carried  out fo r  soaking temperatures o f 1050 
and 1150 0 C. An optlmlmum soaking temperature appears to  be in  the 
950 to  1050 0 C range. A soaking temperature o f 1150 °C resulted in a
loss o f toughness due to  gra in  growth, although the annealing out of 
the mobile d is loca tions  introduced during ro l l in g  could be a c o n tr i­
butory fa c to r. In  the la t te r  case, cracks which form may grow w ith ­
out capturing any d is lo ca tio n s .
5.3 o-Phase E m brittled M a te ria l.
The presence o f o-phase was found in th is  Fe-4Q%Cr f e r r i t i c  a)1oy 
a fte r one hour heat tretments in the temperature range 700 to  900 6 C. 
The o-phase em brittled  m ateria l exh ib ited  d u c t l le - to - b r i t t le  
tra n s it io n  temperatures w ell a^ove ambient temperature. The impact 
energies at ambient temperature were n e g lig ib le . The fra c tu re
surfaces of the Charpy Impact specimens and o f the specimens broken 
fn the slow-bend mode were s im ila r , A ty p ic a l fra c tu re  surface fo r  
the o-phase em brittled  samples was shown In Figure 4 .8 . Cleavage was 
the primary mode o f fra c tu re  although grain boundary decohesion was 
evident and voidf. had formed at several p re c ip ita te s  then coalesced. 
No la te ra l expansion occurred fo r  these fractu red  specimens.
Slgma-phase was found to  form on grain boundaries and around 
p re c ip ita te s . According to  the theory o f Tetelman and McEvily1* ,  
th is  em brittled  m ateria l may be defined as a d ir ty  m ateria l due to  
the inhomogeneous d is tr ib u tio n  o f a b r i t t l e  phase. Thus, the ease of 
s lip -o r  tw in-nucleated cleavage fra c tu re  w i l l  be Increased. A low 
density o f s ) ip  bands and twins was observed on the polished surface 
of the Charpy and slow-bend fractu red  samples immediately adjacent to 
the fra c tu re  surface.' The deformation d id  not extend in to  the 
sample. There was thus very l i t t l e  s tre s s -re lie f  in th is  m a te ria l. 
The large stress concentration which Is  set up at ';he t '  o f a s lip  
band or twin w i l l  not be relaxed by p la s tic  deformation when the 
b r i t t l e  o-phase 1s encountered, and there fo re  a cleavage crack may 
form. Cracks can be seen to  be in i t ia t in g  at the grain boundaries 
and at the p re c io ita te s  o f a ? -phase em brittled  sample (Figure 5 .2 ). 
Very l i t t l e  s ttd s s -re lle v ln g  s l ip  was occurring. In the same 
photomicrograph, i t  can be seen tha t voids have formed around the 
p re c ip ita te s . The fra c tu re  surface of Figure 4.8 also showed small
areas void coalescence re su ltin g  from the separation of the 
p re c ip li c.S'-matrix In te rface .
McMahon and Cohen16 hypothesised on the formation o f a cleavage 
microcrack in fe r r i t e .  They stated th a t a crack in it ia te s  fn a 
b r i t t l e  p re c ip ita te  and propagates across the p re c ip ita te  as a 
G r i f f i t h  crack. Throughout the present study no cracked p re c ip ita te s  
(carb ides, n itr id e s  or oxides) were observed. However, cracking of 
the b r i t t le  in te rm e ta llic  a-phase was observed. (Figure 6 .1 ). Thus, 
1f the surrounding f e r r i t e  m atrix Is unable to y ie ld  due to  a lack of 
s tre s s -re lie v in g  s l ip ,  the m atrix w i l l  accept the crack as a G r i f f i th  
flow , and cleavage fra c tu re  may ensue. In addition the grain boun­
dary decohesion which occurred in these a -e m b rittle d  samples also 
produced c ra ck -like  de fects, which could in i t ia te  fra c tu re . (Figure 
5 .3 ).
F igure 5.2 SEM photomicrograph o f a siow-bend deformation surface 
fo r  c -e m b rittle d  Sample 1 (700 °C ).
Figure 5.3 Fracture surface o f a c-embr1tt1ed specimen (Sample 1) 
showing grain boundary decohesion, and a twin 
In te rcep ting  a grain boundary.
A twin can be seen In te rcep ting  the grain boundary.. The large 
stress-concentration at the t ip  of the twins as i t  encountered the 
b r i t t l e  grain boundary phase, was the probable cause of decohesion.
The rhenium d u c t il iz ln g  e ffe c t appears to be re la ted to  the formation 
o f a-phase. Stephens and Klopp1*9 found a minimum D6TT fo r  the 
chromium-iron system when the a llo y  composition approached the a 
composition, and when the a lloys were quenched from thu s ing le phase 
region. Thus, they recognised the detriment o f quenching these 
high-chromlum a lloys from the two-phase (a + <?) region.
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The tens He te s t samples fo r  the specimens heat-treated in  the range 
700 to  900 0 C exh ib ited  d u c tile  fra c tu re s . The elongation and
reduction o f area were in the same range (30 to  38% and 64 to  69% 
respec tive ly ) as the m aterial c la s s ifie d  as "tough" in th is  study
(see Section 5 .4 ). The d u c t i l i t y  exh ib ited  by the te n s ile  samples 
was probably the re s u lt of the low s tra in  ra te  (3.3 x 10-2rmi S"1) and
the un iax ia l nature of the tension. The y ie ld  stress in bcc metals
is  very sens itive  to  both temperature and s tra in  ra te , and a
d u c t i le - to - b r i t t le  tra n s it io n  occurs fo r  these metals as the 
temperature is  decreased, or the s tra in  ra te  is  increased,6 Thus, 
w ith  a lower un iax ia l s tra in  ra te , s l ip  bands or tw ins form more
slow ly , and there is  time fo r  re laxa tion  to  occur at the b r i t t l e
phase. The work done in crack nucleation w i l l  increase w ith the 
decrease in  s tra in  ra te . The absence o f a s tre ss -ra is in g  notch in 
the te n s ile  samples w i l l  also tend to  Increase the d u c t i l i t y .
Superior re su lts  would be expected therefore from th is  sample 
con figu ra tion  as compared to  the notched slow-bend.samples which were 
tested in  t r i - a x ia l  tension.
The y ie ld  stress does not vary l in e a r ly  w ith heat treatment 
temperature in  the 700 to  900 0 C range. (Figure =>.3) This is  
probably-due to  the presence o f o-phase which resulted if i a >arge 
va ria tio n  in the mechanical p rope rties . However, one po in t which may 
be noted from the curve o f Figure 4.3 is  th a t the maximum y ie ld  
stress fo r  th is  temperature range .occurred at 850 °C . This coincides 
w ith  the predicted nose of the o-phase formation curve.
Transmission e lectron microscopy revealed the presence o f a high 
density o f d is loca tions  in samples containing c-phase. At 700 °C, 
most of these d is loca tions had rearranged to  form sub-boundaries by 
the process of recovery. (Figure 5.4) The formation o f the b r i t t l e  
in te rm e ta llic  phase at grain boundaries and p re c ip ita te s  w i l l  produce 
localised stresses and serve to  increase the d is lo ca tio n  density. 
Nevertheless, th is  appears unable to  provide s u ff ic ie n t s tre s s - re lie f  
to  prevent the cracking of the b r i t t le  c-phase.
Figure 5.4 TEM photomicrograph o f Sample 1 (heat-treated at 300 °C) 
showing recovery of d is loca tions .
5.4 “Tough" M ateria l.
Samples o f Fe-40%Cr which had been heat-treated between 950 and 
1100 r'C  exhib ited d u c t i le - to -b r i t t le  tra n s it io n  temperatures below 
ambienttemperature. A minimum slow-bend D8TT o f -35 °C was obtained 
fo r  th is  a lloy  a fte r a one hour heat-treatment at 1050 °C . The 
ambient temperature impact energies, obtained from h a lf size Charpy 
samples ranged from 50 to  65 J. The CBTT values ca lcu lated from the 
slow-bend curves gave s im ila r re su lts  to  the fra c tu re  appearance
tra n s it io n  temperatures (FATT). The fractu red  samples showed a 
tra n s it io n  from a high energy d u c tile  fra c tu re  to  a low energy 
b r i t t l e  fra c tu re . Tlie sharp tra n s it io n  from d u c t i le - to -b r i t t le  
fra c tu re  In th is  f e r r l t i c  a llo y  (as il lu s tra te d  In Figure 4.9) may be 
explained using the C o ttre ll equation.
Oy ky dl/2_> B u r  . . . . . .  (2 .2)
The y ie ld  stress In bee metals 1s sens itive  to  temperature as well as 
to  s tra in  ra te . As a fib rous crack progresses through the m ateria l, 
the s tra in  ra te  at the t ip  o f the crack w i l l  Increase re su ltin g  In an 
increase in  ay. As the s tra in  ra te  at the t ip  o f the crack 
Increases, the time ava ilab le  fo r  re laxa tion  to  occur as the crack 
encounters a b a rr ie r  decreases. Thus, the number o f d is loca tions 
released in to  a s l ip  band w i l l  also decrease, re s u ltin g  in  an 
Increase In ky, the Hall-Petch slope. In add ition , the stress 
concentration w i l l  e f fe c t iv e ly  lower the surface energy y  o f the 
m a te ria l. The C o ttre ll equation w i l l  be s a tis fie d  at some po in t as a 
fib rous  crack progesses, and a cleavage crack w i l l  then form ahead of 
the fib rous  crack.
Samples which were tested above th e ir  DBTT exh ib ited  " fra c tu re  
p r im a rily  by void coalescence, although small areas o f cleavage 
fra c tu re  often occurred w ith in  the d u c tile  regions (Figure 5 .5 ). In 
a l l  instances, these areas were associated w ith  large (10 to  15um) 
p re c ip ita te s . Very l i t t l e  stress re laxa tion  would occur as a s lip  
band or tw in was blocked by these large p re c ip ita te s , and a cleavage 
crack would form. However, conditions in the m atrix remained such 
tha t the cleavage crack would be qu ick ly  blunted and the crack would 
continue to  propagate in  a fib rous mode.
At temperatures below the DBTT, the primary mode o f fra c tu re  was 
transgranular cleavage, although void coalescence did occur In small 
areas. The fa c t tha t there was always a separation o f the 
p a rtlc le -m a trix  In te rface  ra ther than cracking o f the p re c ip ita te s  Is 
ind ica tive  o f stress re laxa tion  occurring around the p re c ip ita te s .
Figure 5.5 Fracture surface o f Sample 8 fractu red  above the 08TT
(10 e,C). Areas of cleavage are associated w ith  large 
p re c ip ita te s  w ith in  the d u c tile  fra c tu re .
The ro l l in g  schedule o f th is  m ateria l was such tha t the f in a l r o l l in g  
temperature was in the a-phase formation range. During ro l l in g
(j-phase was found to  form on the grain boundaries and around
p re c ip ita te s , (see Figure 4.1) This would re s u lt in an increased 
d is loca tion  density at the a - a in te rfa ce . The one hour
beat-treatments above 900 0 C were found to  dissolve the a-phase. 
Using e lectron microscopy (Figure 5.6) i t  was found tha t subsequent 
to  d isso lu tion  o f the c-phase, a high density o f d is loca tions 
remained at the grain boundaries and associated w ith other
p re c ip ita te s .
Samples which had been heat-treated in the temperature range from 950 
to  1100 ° C exh ib ited  l i t t l e  va ria tio n  in the y ie ld  stress, (see 
Figure 4.3) The lack of s e n s it iv ity  o f the y ie ld  stress to the 
annealing temperature in th is  temperature range may be in d ica tive  o f 
the occurrence o f a phenomenon such as the rhenium d u c t il iz in g  
e ffe c t .  When rhenium and its  analogues, such as iro n , are added to 
chromium, both the temperature and the s tra in  ra te  s e n s it iv ity  o f the 
y ie ld  stress decrease.1*8 .
In the present study, i t  was found tha t a one hour anneal in  th is  
temperature range was s u ff ic ie n t to  disso lve the o-phase which had 
formed during ro l l in g .  I t  is  proposed that the loca lized  stresses, 
which formed in the m ateria l as a re s u lt o f cr-phase form ation, act as 
sources fo r  the generation o f d is lo ca tio n s . These are retained 
during annealing and re s u lt in increased toughness, and a reduction 
in the D6TT.
A general trend in the deformation mechanisms was observed fo r  the 
"tough" m a te ria l. (This reference to  "tough" m ateria l re la tes to 
m ateria l w ith  a slow-bend DBTT below ambient temperatures.) Above 
the D8TT, the high density o f s tre ss -re lie v in g  s lip  is  again probably 
the re s u lt o f the formation and d isso lu tio n  o f <r-phase as suggested 
above. Figure 5.7 shows a high density o f wavy s l ip  bands 
encountering a grain boundary. There is  no evidence o f microcracking 
in  contrast to  o-phase em brittled  samples (see Figure 5 .2 ). Rather, 
the stress concentration is  able to be relaxed due to  the high 
d is loca tion  density which is  present.
As the DBTT was approached, the density o f the s lip  bands decreased, 
and the distance which they extended away from the fractu red  surface 
of the slow-bend specimens also decreased.
Below the DBTT, tw inning became the predominant mode o f deformation, 
although some s lip  bands were s t i l l  present.
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Figure 5.6 TEM photomicrograph of Sample 8 (1050 °C ). A high
d is lo ca tio n  density Is present at the grain boundaries 
and p re c ip ita te s .
Figure 5.7 S lip  bands encountering grain boundaries o f Sample 8 
(1050 °C ) .
The Peierls-Nabarro stress increases w ith  a decrease in  temperature 
as a re su lt o f the reduction in the thermal enhancement o f the 
d is loca tion  m o b ility , and the s lip  band density is consequently 
reduced. Figure 5.8 is  a photomicrograph o f the deformation surface 
of a sample which had been annealed at 1050 °  C and fractu red  in  slow- 
bend at -45°C  ( i .e .  below the 08TT).
Figure 5.8 Deformation surface o f Sample 8 fractu red  in slow-bend 
below the DBTT (-45 0 C). M icrocracking is  occurring at 
the t ip s  ot tw ins.
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Relaxation 1s not occurring, but ra ther the stress concentration at 
the t ip  of tw ins has caused m icrocracking to occur at a b a rrie r such 
as a grain boundary.
The predominance o f tw inning as the te s t temperature decreased agrees 
w ith  theory. At lower temperatures, the stress required fo r  s l ip  to 
occur increases, while tha t fo r  tw inning remains e s se n tia lly  
unchanged, and twinning becomes the preferred mode of deform ation.14
Twinning was also found to  be the primary mode of deformation in the 
Charpy impact specimens. This was due to  an Increase in the s tra in  
ra te  ra ther than a decrease in the te s t temperature, which indicates 
’•.hat the stress required fo r  s lip  is  both temperature and s tra in -ra te  
co n tro lle d . A t higher s tra ln -ra te s , tw inning appears to  be the 
preferred mode o f deformation. This is  supported by the re su lts  of 
the low s tra in  ra te  te n s ile  tes ts  In which a s ig n if ic a n t amount of 
deformation and a d u c tile  frac tu re  mode were observed.
In some instances, Charpy V-notch impact energies were obtained which 
deviated g re a tly  from the average value fo r  a s p e c ific  heat 
treatm ent. These deviations were lis te d  in Table 4.3 as a second 
impact energy value. These large deviations were inva ria b ly  found to  
be re la ted to the presence of flaws or large non-m etallic inclusions
in  the m a te ria l. Very l i t t l e  stress re laxa tion  can occur when a s lip
band or tw in encounters such large flaws at these high s tra in -ra te s , 
thus a cleavage crack w i l l  progress e a s ily  through the m ateria l.
The va ria tio n  in  toughness fo r  slow-bend and te n s ile  te s t samples was 
much less extensive. Sample 9 exh ib ited  the greatest inconsistencies 
"o r slow-bend te s t re s u lts , and therefore an accurate DBTT could not 
be obtained. The inconsistencies are believed again to  be the re su lt 
o f casting flaws in the ingot.
Due to  the lower s tra in -ra te s  of slow-bend and te n s ile  te s ts , there 
is  some time fo r  re laxa tion  to  occur which is  possib ly s u ff ic ie n t fo r
the activa tion  of s lip  band and tw in sources around the flaw . Thus,
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the presence of a flaw  or large non-m etallic inclusions is  very 
detrim ental to  the impact properties of th is  f e r r i t i c  a llo y , but th is  
detriment is  decreased i f  fra c tu re  occurs at a lower s tra in  ra te .
To fu rth e r investiga te  the formation- and subsequent d isso lu tion  of 
o-phase as a "d u c tll iz in g "  method fo r  these high chromium f e r r i t i c  
a llo y s , a series o f tes ts  were carried  out. Charpy V-notch test 
specimens which had been annealed fo r  one hour at 800 or 850 0C 
followed by a water quench were known to  be o-phase em brittled .
These samples were annealed fo r  one hour at 1000, 1050 and 1200 °C 
followed by a water quench. The impact energies fo r  these samples 
were higher than those which had been annealed at the same 
temperatures fo llow ing  ro l l in g .  { i . e .  w ithout the intermediate
anneal in the c-phase formation range). A la rger amount of 
o-phase w i l l  be formed during the one hour anneal at 800 or 850 °C as 
compared w ith  the amount present subsequent to  ro l l in g  to  a minimum 
temperature o f 650 0 C. The greater the amount o f e-phase which is 
formed, the greater w i l l  be the re su lta n t d is loca tion  density 
generated at the e -  o in te rfaces . Subsequent to  d isso lu tion  o f the 
a-phase in the temperature range of 1000 to  1100 0 C, a la rger number 
o f mobile d is loca tions w i l l  remain to  allow re laxa tion  o f 
concentrated stresses as s lip  bands or twins are blocked by ba rrie rs  
such as grain boundaries or p re c ip ita te s .
Although the formation of la rger amounts o f o-phase appears 
b e n e fic ia l, considerable care must be taken during processing. I f  
th is  phase becomes cracked, i t  w i l l  severely em b rittle  th is
fla w -se n s itive  m ateria l. In th is  case, subsequent d isso lu tion  w il l  
not enhance toughness.
5.5 High-Temperature Em brittled M aterial
The volume percent o f p re c ip ita te s  present in th is  high chromium 
a llo y  subsequent to  heat-treatments up to  1050 °C was found to  remain 
f a i r ly  constant in the 1% range. (Figure 4.2) This value decreased
to  the 0.6% range fo llow ing  heat-treatments at 1100 to 1300 0 C. I t  
may be hypothesized tha t above 1050 0 C, the carbon and nitrogen were
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In s o lu tio n . Although th is  could not be v e r if ie d  on the microprobe 
due to the small amounts of carbon and nitrogen present In these 
a llo y s , support fo r  th is  assumption was gained from transmission 
e lection  microscopy. Figure 5.9 shows an e lectron micrograph o f the 
sample quenched from 1300° C.
Many small p re c ip ita te s  can be seen w ith in  the gra ins, and pinning of 
the d is loca tions is  also occurring. D is location loops, which are 
present In th is  sample, were not observed in  lower temperature annea­
led samples, therefore they are probably not a quenching e ffe c t. 
Rather, they probably arose to  re lie ve  the m is f it  due to  d if fe re n t ia l 
thermal contraction between the p re c ip ita te s  and the m atrix.
These p re c ip ita te s  could not be seen o p t ic a lly ,  and are beyond the 
reso lu tion  o f the image analyser. Thus the drop in observable volume 
percent p re c ip ita te s  appears to  be due to  the phenomenon known as 
high temperature embrittlement. Demo32 observed the p re c ip ita tio n  of 
chromium-rich carbides and n itr id e s  on d is loca tions w ith in  the grain 
body, subsequent to quenching AISI Type 446 from 1100 °C . At these 
high temperatures, the carbon and nitrogen were in  s o lu tio n , and 
rapid p re c ip ita tio n  occurred during quenching 1n order to  re lie ve  the 
supersaturation o f in te r s t i t ia ls .  I t  was suggested tha t the e ffe c t 
o f the rapid p re c ip ita tio n  was s im ila r to  p re c ip ita tio n  hardening.
The hardness of the present experimental a lloys was found to  Increase 
from average values o f 170 VHN to  approximately 190 VHN fo r  heat 
treatment temperatures up to , and above 1050 0 C, respective ly  (Figure 
4.5 ).
The slope in the y ie ld  stress versus heat treatment temperature 
curve, (Figure 4.3) was found to  increase from 0.08 MPa/6 C fo r  heat- 
treatment temperatures of 900 to 1100°C to  0.33 MPa/°C fo r those of 
1100 to  1300 °C . This increase in y ie ld  stress may be explained 
using the Hall-Petch equation:
- 1/2
<r = <7 f  k d . . . .  (2.1)
y i y
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Figure 5 .ft rEM photomicrograph of a sample quenched from 1300 °C .
Small p re c ip ita te s , d is loca tion  pinning and d is loca tion  
loops can be seen w ith in  the grains.
The small p re c ip ita te s  w il l  tend to  lock the d is loca tions , re su ltin g  
In an Increase In the la t t ic e  f r ic t io n  s tress, and in  ky, 
which Is a measure o f the pinning o f d is lo ca tio n s . A great va ria tio n  
In the grain size o f samples heat-treated at 1200 and 1300 °C was 
found. However, the average size was la rger than fo r  lower tempera­
ture treatments, and several very large grains (w ith diameters g rea t­
er than 300um) were observed in these samples. Since th is  Increase 
In the grain s ize , d, would re s u lt In a decrease In the y ie ld  s tress, 
th is  1s fu r th e r evidence fo r  p re c ip ita tio n  hardening. The e ffe c t of
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d is loca tion  locking on the y ie ld  stress appears to  be greater than 
tha t of grain growth. In add ition , the predominance o f tw inning as a 
mode of deformation Increased fo r  these samples quenched from high 
temperatures, and again th is  would be favoured by d is lo ca tio n  
locking.
The impact energies decreased as the annealing temperature increased 
from 1100 to  1300 °  C (Figure 4.4) d-ie to both d is loca tion  locking 
and the increase in  grain size. The fra c tu re  appearance fo r  both the 
slow-bend and the Charpy samples was very Inconsistent fo r  specimens 
annealed at 1200 and 1300 °C , In fa c t, i t  was not possible to 
determine a fracture-appearance-transition-tem perature (FATT). This 
inconsistency was due to  the heterogeneous grain size d is tr ib u tio n  in 
these samples. There was no sharp tra n s it io n  from d u c tile  to  b r i t t l e  
fra c tu re , ra ther there were large cleavage facets w ith in  regions o f 
d u c tile  fra c tu re .
In sp ite  o f a l l  the evidence of d is loca tion  locking, and
high-temperture em brittlem ent, the DBTT values remained below ambient 
temperatures fo r  these samples. High-temperature embrittlement has 
been claimed to  be a phenomenon in only m e d iu m -to -h ig h -in te rs titia l 
f e r r i t i c  a llo y s .15 22 32 The present evidence indicates tha t the 
p re c ip ita tio n  o f carbides and n itr id e s  as a re s u lt o f supersaturation 
was occurring as the a lloys were quenched from the high
temperatures. The present chromium content is  greater than tha t in 
the a lloys which have been previously ftud ied  to  observe
high-temperature embrittlement15 22 ?z and the in te r s t i t ia l  
s o lu b i l i ty  has been shown to  decrease w ith  increasing chromium 
conten t.9 Thus the p re c ip ita tio n  hardening observed in  the present 
study would be expected at the lower in te r s t i t ia l  leve ls.
The temperature at which the hardness, y ie ld  stress and DBTT began to  
increase, and the impact energy began to  decrease fo r  these Fe-40%Cr 
a llo ys , was 1100°C.
I t  has been reported tha t high-temperature embrittlement occurs when 
f e r r i t i c  a lloys are quenched from above 1000 °C . A ll of these
studies have been carried out using f e r r i t i c  a lloys containing less 
than 30% chromium. The optimum toughness and d u c t i l i t y  were found 
fo r  th is  Fe-40%0 a llo y  a fte r a heat treatment at 1050 °C . The 
temperature o f in te r s t i t ia l  so lu tion  is  thus believed to  be above 
1050° C.
5.6 Alloyed Fe-40%Cr
The work on a lloy ing  o f Fe-40%Cr to  improve the low temperature 
d u c t i l i t y  was carried out only as a pre lim inary in ve s tig a tio n . From 
the l ite ra tu re  availab le  and also from the study of the unalloyed 
wrought m a te ria l, several compositions were chosen fo r  mechanical 
te s tin g . The fa b rica tio n  parameters fo r  th is  series o*' a lloys 
d iffe re d  from those o f the o rig in a l in ve s tig a tio n . The cast ingots 
were smaller in section due to  a change In mould geometry, and the 
ro l l in g  reduction was decreased to  provide fu l l- s iz e  Charpy speci­
mens. A ll o f the a lloys  were then annealed fo r  one hour at the 
proposed optimum temperature of 1050°C .
A llo y  A was a base Fe-40%Cr a llo y  used as a standard to compare the 
e ffe c ts  o f  the a llo y in g  add itions. This m ateria l exh ib ited a CVN 
08TT o f 50°C and an upper-shelf energy o f 140 J. 8y comparing th is  
a llo y  w ith Sample 8 o f the o r ig in a l in ve s tig a tio n , the e ffec ts  of 
thermomechanical treatment can be assessed. Sample 8 exhib ited a
slow-bend 06TT o f -35 a fte r  a one hour anneal at 1050 °C . I t  was
reduced from an In i t ia l  45mm to  a f in a l thickness o f Sum (87%)
whereas A lloy A was ro lle d  from 38 to  12mm (68%). In the la t te r  case
there was less warm work put in to  the m a te ria l. In addition th is  
ingot contained less o-phase since i t  was held "or much shorter times 
in the c r i t ic a l  temperature range during r o l l in g .  Due to the e ffec ts  
o f a reduction in both the amount o f work and a-phase form ation, a 
much lower density of s tre ss -re lie v in g  mobile d is loca tions would be 
expected, as compared to  Sample 8. This p a r t ia l ly  explains the 
increase In DBTT fo r  A llo y  A. (see Section 5 .4 ). Secondly, the 
seve rity  o f the te s t to  determine the DBTT's was d if fe re n t. The 
o rig in a l ingots were tested using a 3-point slnw-bend te s t, whereas 
A llo y  A was tested using the Charpy V-notch impact te s t. The la t te r  
1s known to  be a more severe te s t due to  the high s tra in  ra te  and to
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re s u lt in higher 08TT values. F in a lly , the size o f the test samples 
must be considered. As shown by N ichol19, the D8TT is s trong ly  
influenced by gauge size. Tnus again, in fe r io r  re su lts  would be 
expected from the fu l l - s iz e  Charpy te s ts , compared w ith the smaller 
specimen geometry.
A l l  o f the considerations discussed above w il l  also apply to  the 
alloyed m aterial (A lloys B to  N).
A lloys B and C were s ta b ilize d  w ith  0.2%Nb and 0.2%Ti respective ly . 
The relevant s ta b il iz e r :  (ON) ra tio s  added and recovered in the melt 
are lis te d  in Table 5.1. ( I t  is  in te re s tin g  to note tha t a l l  o f the 
niobium was recovered compared w ith only 35% o f the tita n iu m ).
TABLE 5.1 The S ta b iliz e r: (C+N) ra tio s  added and recovered fo r
A lloys 8 and
ALLOY STABILIZER 
ADOITIOM 
(wt -')
RATIO OF STAB:(C+N) 
ADDED
RATIO OF STAS:(C+N) 
RECOVERED
WEIGHT STOICHIOMETRIC WEIGHT STOICHIOMETRIC
B 0.2 Mb 16 2 16 2
C 0.2 Ti 16 4 5.8 1.5
Both of these a lloys exhib ited ambient temperature b rit t le n e s s  w ith 
CVN DBTT's above 90 °C . I t  Is well known tha t "o v e r-s ta b iliz in g " 
em brittles  these m ateria ls , and Wood29 stated that titan ium  Is a very 
potent so lid  so lu tion  strengthened Grubb e t a !27 showed that 
s ta b iliz a tio n  of Fe-26%Cr a lloys w ith (C+N) leve ls under 100 p.p.m. 
was detrimental due to  in te rg ranu la r microcrack form ation. As a 
re s u lt o f the m elting p ractice  which has been established in th is  
study, the combined carbon and nitrogen level In these a lloys was 
approximately 120 p.p.m. Although th is  value is only s l ig h t ly  higher
than tha t proposed by Grubb e t m l ,  the tolerance fo r tn te r s t i t la is  
has been shown to  decrease markedly w ith increasing chromium 
content9 . Therefore, s ta b fIfz a tim i wou3d be expected to  be 
bene fic ia l in th is  case. However, both the hardness and the y ie ld  
stress of the s ta b ilize d  alloys have Increased above those values fo r 
standard A lloy A, as a re s u lt of so lid  so lu tion  strengthening and 
d is lo ca tio n  locking. This suggests th a t these a lloys have been 
o ve r-s ta b i1ized.
Two fu r th e r a lloys were made In order to  study i f  lower leve ls of 
s ta b il iz e r  could be bene fic ia l at the carbon and nitrogen levels 
present. The addition o f 0.05% Ti (A llo y  H) and of O.IXNb (A lloy  J) 
rendered th is  a llo y  d u c tile  well below ambient temperature, and 
resulted in  high upper she lf energies. In both cases these additions 
were ju s t greater than the s to ich iom e tric  equivalent o f  (C+N).
Again, a l l  the niobium was recovered and the resu lts  ind ica te  tha t 
correct s ta b iliz a tio n  can be e ffe c tiv e  in  providing good D8TT and 
toughness values.
The resu lts  fo r titan ium  s ta b iliz a tio n  appear anomalous. Although 
the sto ich iom e tric  equivalent of (C+N) was added, less than 0.02%Ti 
was recovered, yet th is  produced superior re su lts  to  those o f A llo y  J 
(O.IXNk). This is  d i f f i c u l t  to  exp la in . One p o s s ib il ity  is th a t i t  
is  not necessary to  f ix  a l l  the carbon and n itrogen, but merely to 
reduce i t  below a c r i t ic a l  le ve l. I t  has been suggested27 tha t 
“ overgettering" o f carbon can be de le te rious, since carbon in 
so lu tion  may reduce the embrittlement produced by oxygen which segre­
gates at grain boundaries. In  add ition , higher q u an tities  of 
p re c ip ita te s  may be more detrim ental than low levels o f carbon and 
n itrogen in so lu tion , in terms o f th e ir  influence on d is loca tion  
m o b ility . The p o s s ib il ity  also e x is ts  tha t the titan ium  which is  
lo s t during melting may remove the In te r s t i t ia ls  in to  the slag, 
although the in te r s t i t ia l  analysis does not support th is  proposal.
The resu lts  suggest tha t s ta b iliz a tio n  of these low In te r s t i t ia l -  
containing a lloys can be bene fic ia l provided tha t the correct level 
of s ta b iliz in g  element is  added.
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F in a lly , the k in e tics  o f a-phase formation are known to  increase due 
to  the addition of titan ium  or niobium to  fe v r i t lc  a llo y s .26 35 45 
The improved toughness o f these s ta b iliz e d  alloys as compared with 
A llo y  A 1s believed to be p a r t ia l ly  the re s u lt o f the Increased 
formation and d isso lu tion  o f o-phase and the subsequent Increase in 
the mobile d is loca tion  density.
The a llo y  containing 0.2%A1 (A llo y  D) was d u c tile  down to  -10 °C,
w ith  an upper she lf energy greater than 360 J. A to ta l o f 0.122A1
was detected In the f in a l product and the oxygen content had been
reduced to  0.029%. This oxygen level represents 25 to  50% o f that
normally obtained using the established method o f m elting. The 
aluminium has therefore served to  deoxidize the m a te ria l. The 
microprobe analyses reported in Section 4.1, indicated th a t the 
m a jo rity  o f the p re c ip ita te s  present in these experimental a lloys  
were oxides o f chromium. A decrease 1n the DBTT o f A llo y  0 re la t iv e  
to the standard A lloy A re f le c ts  the dependence o f the DBTT on the 
volume o f second phase p a rtic le s  as c ited  by Plumtree and G ullberg13.
Most investiga tions in to  f e r r l t l c  s ta in less steels s ta te  tha t 
desirab le properties are achieved through the contro l of in te r s t i t ia l  
carbon and n itrogen. L i t t l e  mention has been made of oxygen control 
and Wright26 suggested tha t "preoccupation w ith oxide involvement in 
commercial f e r r i t i c  s ta in less  steel b r itt le n e s s  seems unwarranted.'1 
In the present a lloys , the removal o f oxygen has served to  grea tly  
improve th e ir  d u c t i l i t y .
Oemo^ suggested the use o f aluminium as a "weld d u c t il iz e r "  to  
con tro l the In te r s t i t ia ls  (C+N) in Mgh-chromlum, f e r r i t i c  s tee ls . 
The discrepancy found between the l ite ra tu re  and the present 
experimental a lloys may be due to  varia tions  in the C» N and 0 
leve ls , although, generally the oxygen leve ls have not been quoted in 
the lite ra tu re .
The combined e ffec ts  of aluminium as a deoxid izer, and niobium as a 
s ta b il iz e r  were tested in  A llo y  K. The re su ltin g  DBTT o f 0 °C 
represents an Improvement over the a llo y  which was only s tab ilized
(A llo y  J ) . However, the 0817 was higher than that fo r  the a llo y  
which was only deoxidized (A lloy  D) despite the presence o f the 
lowest oxygen levels a fte r  the combined add ition . This again may be 
due to  ove r-s ta b liza tlo n .
The addition o f 0.2%Ru (A lloy  E) to  Fe-4Q%Cr resulted In a 10 °C
reduction in the DBTT (from 50 to  40 ° C ) .  Botli Demo24 and Sipos et
a l30 have suggested the use o f other platinum group metals 
(P .G .M .'s), includ ing platinum and palladium as "d u c til iz in g
a d d itive s ". Although the reasons fo r  d u c t i l i t y  enhancement are not 
understood, Wright26 suggested tha t they may entrap in te r s t i t ia ls .  
The present resu lts  ind ica te  tha t ruthenium may behave in a s im ila r 
way as a "d u c til iz in g  a d d itive ".
The combined addition o f 0,2%Ru aid 0.155T1 (A lloy  F) gave a DBTT of 
0 ° C .  Again the weight ra t io  of T i: (C+N) recovered was only 2:1 
compared w ith the quan tity  added which was 6 .7 :1 . Nevertheless, the 
titan ium  does appear to  be b e n e fic ia l.
When the titan ium  addition was c loser to  the sto ich iom e tric  
equivalent of (C+N) (A lloy  I )  the improvement due to the combined 
addition o f Ru and Ti was even greater. This confirms tha t the 
correct level o f s ta b il iz a tio n  is a very important fa c to r in  these 
low in te r s t i t ia l  a lloys . The DBTT and upper she lf energy fo r  A llo y  I 
were the same as those fo r  A lloy  H which had only the titan ium  
add ition . This suggests tha t i f  the a llo y  has been co rre c tly  
s ta b iliz e d , the e ffe c ts  o f ruthenium as a "d u c t il iz in g  add itive " are 
neutra lized . The entrapment of in te r s t i t ia ls ,  as suggested by
Wright26, w il l  not be necessary I f  they are p rec ip ita ted .
The addition o f 2.0XN1 (A lloy  G) produced a DBTT o f -25 °C . A 
smaller addition of l.OXNi (A llo y  L) provided less improvement in 
d u c t i l i t y .  The suppression of the CVN DBTT o f high-chromium 
f e r r i t ic s  alloyed w ith nicke l has been demonstrated p rev iously53. I t  
has been suggested tha t the bene fic ia l e ffe c t of n icke l is  re la ted  to 
Its  d is to r t io n  o f the fe r r i t e  la t t ic e  and the subsequent entrapment 
o f in te r s t i t ia l  so lu te .
Since the d is to rt io n  w il l  depend on the quan tities  added, th is  can 
explain the smaller e ffe c t of only IXNi on the DBTT. Additions o f
0.2%A1 (A11o,y M) and 0.23SRu (A lloy  N) were made to  the Fe-40%Cr -2%Ni 
a llo y . In both cases, the DBTT was s l ig h t ly  raised abovs tha t fo r 
A llo y  G (+2S!Ni), and the toughness was Increased.
The addition o f n ickel resulted in  the greatest improvement In 
d u c t i l i t y  { i .e .  the lowest DBTT) fo r  these f e r r i t i c  a llo ys . The 
temperature s e n s it iv ity  o f bcc metals is known to  be re la ted  to  the 
(tem perature-sensitive) Peierls-Nabarro s tre s s .6 This stress depends 
on the width o f a d is loca tion  or the distance over which the la t t ic e
is  d is to rte d  due to  the d is lo ca tio n . I t  is  possible tha t the
a dd ition  o f an element which d is to r ts  the fe r r i te  la t t ic e  decreases 
the P e ie rls  stress and thereby decreases the temperature s e n s it iv ity  
o f the metal. This would re s u lt in the lowering o f the OBTT.
In  a l l  cases, the add ition  of 0.2XA1 resulted in the greatest 
toughness in th is  Fe-40XCr a llo y  w ith  an upper-shelf energy o f
greater than 360 J (the l im i t  o f the Impact equipment). The
aluminium served to  deoxidize the m a te ria l, mainly through the 
removal o f oxygen to  the s lag, and thus the number o f second phase 
p re c ip ita te s  was reduced. Cleavage fra c tu re  has been shown to  be 
dependent on the c leanliness o f a m a te r ia l.^  The removal o f second 
phase p re c ip ita te s  w i l l  there fo re  decrease the p o s s ib i l i ty  fo r  
cleavage crack nucleation, which is  the Important step in the b r i t t le  
fra c tu re  of f e r r i t i c  s te e ls .9
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6. SUMMARY
The high toughness and low DBTT's which have been observed fo r  th is  
high chromium f e r r l t l c  a lloy  subsequent to  heat-treatments in the 950 
to  1050°C range appear to  be due p a r t ia l ly  to  a phenomenon known as 
the rhenium due tlH z ing  e ffe c t.
To date, f e r r l t l c  s ta in less steels have been found to  have lim ited  
d u c t i l i t y  and/or toughness at ambient temperatures. This inherent 
iow temperature b ritt le n e ss  has been a ttr ib u te d  to  the fa c t in bcc 
metals tha t the y ie ld  stress is  sens itive  to  changes in temperature 
and s tra in -ra te  as well as to  the fa c t tha t bcc metals contain less 
mobile d is loca tions as compared to  fee metals.
in the present Inves tiga tion , the f e r r l t l c  a lloys were ro lle d  from a 
temperature above the o-phase formation range, to  a temperature below 
the re c ry s ta lliz a tio n  temperature and w ith in  the o-phase formation 
range. This served the dual purpose o f re fin in g  the grain size and 
a llow ing o-phase to  form at • the grain boundaries and e x is tin g
p re c ip ita te s . An anneal above the o-phase formation range ( i .e .  in
the temperature range o f 950 to  1050 °C ) resulted In d isso lu tion  of 
the o-phase. The mobile d is loca tions which had formed as a re s u lt of 
the loca lized stresses produced at the a ~ o in te rface  were found to
remain. The e ffe c tiv e  re s u lt o f the formation and d isso lu tion  of
o-phase In th is  bcc a llo y  was to  increase the mobile d is loca tion  
dens ity , decrease the temperature s e n s it iv ity  o f the y ie ld  stress and 
thereby reduce the d u c t i le - to -b r l t t le  tra n s it io n  temperature to  below 
ambient temperatures.
Heat-treatments below 950°C resulted in o-phase em brittled  m ateria l, 
while those above 1050 °C showed ind ica tions o f hlgh-temperature 
embrittlement.
Proper s ta b iliz a tio n  o f these low in te r s t i t ia l  Fe-40%Cr a lloys was 
found to  be advantageous to  the toughness and d u c t i l i t y .  However the 
required amount o f s ta b il iz e r  was c r i t ic a l .  The addition of
91.
aluminium which served to  deoxidize the m a te ria l, resulted in  the 
greatest toughness since the ease o f cleavage crack nucleation was
s ig n if ic a n t ly  reduced. The maximum improvement in d u c t i l i t y  was
obtained a fte r  the addition o f 2%N1. The n icke l is  believed to  
d is to r t  the la t t ic e  and thereby entrap the In te r s t i t ia ls .  I t  is  also 
hypothesized that the nicke l addition reduces the P eierls stress (due 
to  the d is to r t io n  o f the la t t ic e )  and therefore decreases the
tem pera tu re -sens itiv lty  of the metal. Ruthenium appears to  have a
small benefic ia l e ffe c t on the d u c t i l i t y  o f th is  a llo y . However i t s  
e ffec ts  are negated In the presence o f titan ium  or nicke l add itions.
7. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
7.1 Conclusions
1. The toughness o f th is  fe rM t lc  a llo y  is  re la ted to  the mobile 
d is loca tion  density which may be Increased by warm working the 
m ateria l and/or by the formation and d isso lu tion  o f o-phase at the 
g ra in  boundaries and second-phase p re c ip ita te s .
2. The increase in mobile d is loca tion  density decreases the 
temperature and s tra in  ra te  s e n s it iv ity  of the y ie ld  stress,, 
thereby increasing the toughness and reducing the U3TT.
3. Optimum properties may be obtained by soaking the a llo y  in  the 
temperature range 950 to  1050°C, ro l l in g  to  a minimum temperature 
o f 650°C , and d isso lv ing  the cr-phase formed during ro l l in g  in  the 
same temperature range.
4. Quenching o f these a lloys from above 1100 e C resulted in  an 
increase in  the hardness, the y ie ld  s tress , the DBTT and the
predominance o f deformation by tw inning, and a decrease in the 
impact energy. These facto rs  are in d ica tive  of a phenomenon known 
as high temperature em brittlem ent, s im ila r to  p re c ip ita tio n
hardening.
5. The addition o f n ickel to  entrap the In te r s t i t ia ls ,  aluminium to  
deoxidize the m ateria l and/or titan ium  or niobium to  s ta b il iz e  the
m ateria l are a l l  bene fic ia l to  the toughness and d u c t i l i t y  of
these a lloys.
7.2 Recommendations For Further Work.
1. I t  is recommended tha t fu r th e r work be carried out to determine 
whether the enhancement o f properties due to  the formation and 
d isso lu tion  o f o-phase to  increase the mobile d is loca tion  density 
could be achieved through heat-treatment of cast a lloys ra ther 
than through thermomechanical treatment.
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A suggested process wou'td be to  hea t-trea t the cast a lloys w ith in  
the tt-phase formation range (eg. 800 to 850 °C) then to  dissolve 
the o-phase at 950 to  1050 °C .
Further work should be done to  examine the p o s s ib il ity  of 
obtaining acceptable mechanical properties w ith higher levels of 
s ta b ilize d  carbon and nitrogen present. The use o f aluminium as a 
deoxidizer would s t i l l  be necessary, however e ith e r less expensive 
s ta rtin g  m ateria ls or melting techniques could be possible.
I t  is  necessary to  ascertain the optimum addition o f n icke l w ith 
regard to  both required d u c t i l i t y  and cost.
Ruthenium appears to have a small d u c t il lz in g  e ffe c t and is  known 
to  g rea tly  Improve the corrosion properties o f these a lloys. 
Further work should be done to  determine the optimum a lloy ing  
additions w ith  ruthenium to  obtain acceptable mechanical 
p roperties.
The use o f other P.G.M. add itions, such as platinum, as a 
d u c t il iz e r  and corrosion resistance enhancer should be 
investigated.
A ll of the a lloys o f Fe-40%Cr were only tested fo r  mechanical 
properties Including toughness, d u c t i l i t y ,  strength and hardness. 
Further work such as fra c tu re , deformation and m icrostructu ra l 
analysis must be ca rried  out In order to  be tte r understand the 
fundamental reasons fo r  the changes in these properties as a 
re s u lt o f the a llo y  additions. In th is  way, the optimum a lloy  
additions could be determined.
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